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SECTION I 
THE MEASUREMENT OF THE CONDUCTIVITY OF ELECTROLYTES 
A STATEMENT OF THE PROBLEM 
The conductivity of an electrolyte is a value which has 
very considerable importance both from the standpoint of theo-
retical and practical applications. While the inspiration which 
led the author to the studies reported here was distinctly 
practical, possible theoretical significance of this work has 
not been ignored. 
At the outset it appeared advisable to divide the studies 
into two distinct classifications, as follows: 
1. Studies of systems for the measurement of the con-
ductivity of electrolytes involving the use of electrodes. 
2. A study of methods for the measurement of the con-
ductivity of electrolytes which eliminate the necessity for 
using electrodes. 
METHODS INVOLVING THE USE OF ELECTRODES 
All of the findings recorded in the literature to date 
have required the use of electrodes in the system. . For most 
practical purposes there is little objection to the presence 
of electrodes in the system. A very considerable amount of 
work has been conducted by many workers, aimed at perfecting 
procedures and technique in electrode systems. A study of the 
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literature indicated that the field of precise measurements 
had been very thoroughly and ably studied by many workers. On 
the other hand, simplified systems which were capable of pro-
ducing accuracy within the limits ordinarily required for 
commercial work are rather scarce. Davies (1) has reviewed 
the literature on this phase of the subject quite thoroughly. 
None of the systems discussed were considered as completely 
satisfactory for regular routine application to the problems 
of the commercial laboratory. 
As a result of investigating the operational characteris-
tics of various instruments for conductimetric methods of 
analysis, a differential dynamometer was designed which was 
found to be satisfactory in all respects for industrial con-
trol and research not requiring over 1% precision. The method 
which was developed by the writer is rapid and accurate in 
operation, inexpensive and durable, and thereby possesses 
distinct advantage over other instruments designed for similar 
purposes. A comprehensive discussion of the methods considered 
and the operational characteristics of the dynamometer system 
developed as a result of these studies is discussed in detail 
in Section II of this paper. 
,...-· 
METHODS INVOLVING ELECTRODELESS CONDUCTIVITY 
DETERMINATIONS 
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A system of conductivity measurement which would obviate 
the necessity for using electrodes appeared to be highly 
desirable. The use of such a system should eliminate diffi-
culties caused by polarization and catalysis. Since electrode• 
are invariably made from materials foreign to the solution 
under study, minute traces of contaminating agents from this 
source would also be eliminated. 
While the problem would appear to be one of extreme 
difficulty, none the less many possible systems appeared to 
be workable. A careful examination of these possible methods 
indicated that while all of them discussed in Section III 
are practical under proper conditions, only two of the pro-
cedures were found suitable for consideration in connection 
w.ith the problem at hand. 
SECTION II 
TEE DIFFERENTIAL DYNAMOMETER AS APPLIED 
TO CONDUCTIMETRIC METHODS OF ANALYSIS 
For the conduct of industrial control operations, conduc-
tivity methods have been quite out of the question in most in-
stances because of the slowness and operational skill required 
in handling the classical types of bridge systems. In view of 
these facts, it was felt that a further study of conductivity 
measurement would be highly desirable, with the end in View of 
designing apparatus for the simple and rapid determination of 
the conductivity of electrolytes. The ideal instrument for 
conductivity measurements should meet the following require-
ments to render it suitable for widespread c~ercial applica-
tion: (a) It must be rapid, as the chief objection to present 
methods is the time necessary to take each reading. (b) It 
should give a direct reading in terms of resistance of conduct-
ance. (c) The moving system of the instrument must be sensi-
tive to small changes in the resistance of the solution. (d) 
It should be accurate within the limits generally set for comm-
ercial work, that is, for the writer's particular purposes 
w.ithin +1%. It was felt that an instrument of this accuracy 
would be of more practical value than an instrument which might 
be more accurate, but would not give a reading within a reason-
able time. (e) It should operate on standard current supply, 
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i.e., 110-volt 60-cycle A.c. (f) It should be compact, rugged 
and relatively inexpensive. Such an instrument, it was felt, 
would fill a widespread need and would be of immense value 
both in industrial work and to research students. 
As a result of investigating the operational character 
of various instruments for conductimetric methods of analysis, 
a differential dynamometer was designed which was found to be 
satisfactory in all respects for industrial control and re-
search not requiring over 1% precision. It is rapid and 
accurate in operation, ine:xpensi ve and durable, and thereby 
possesses distinct advantage over other instruments designed 
for similar purposes. This instrument was briefly described 
by Parent and Crowley (3) and certain of its characteristics 
as a laboratory tool were discussed by Parent and Mel chione 
{4) at a general meeting of the Electrochemical Society. 
TYPES OF INSTRUMENTS INVESTIGATED 
There were a number of types of instruments which showed 
possibilities of meeting the requirements. Unbalanced bridge 
systems arranged so that the unbalance indicator would read in 
terms of conductance were considered, but were rejected as 
being too inaccurate for use on solutions of low resistance. 
The differential transformer system as discussed elsewhere in 
this paper also came in for consideration. The system require 
that a variable resistor be adjusted each time a reading is 
taken. It was felt that other systems would offer a better 
and more direct solution to the problem. 
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Simple arrangements involving the measurement of the po-
tential drop across the cell and across a known resistance in 
series with the cell were considered. While these systems 
would possess merit for high resistance solutions, the princi-
pal interest was with solutions of low resistance, and the 
system was discarded. 
The third class of indicating instruments which appeared 
to be of interest consisted of the various forms of electro-
dynamometers. 
Fig. 1 which follows shows a typical electrodynamometer 
arrangement wherein a restoring torque is furnished by a pair 
of hair springs. In this type of dynamometer arranged for in-
dicating electrical potential, the moving coil is in series 
with a pair of high resistance fields or exciting coils. This 
type of unit would be satisfactory for relatively low resis-
tance, provided a heavy current could be allowed to pass tbrougr 
the cell. As the resistance of the cell became higher, the 
dynamometer current would become lower, and therefore its sensi-
tivity would become critiCally small. This defect renders this 
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ty::,;e of unit unsatisfacto17 for conductivity r1er.isure:.2ents. 
~·c,. juodifi cation of t~li s Slia~o_dard dyna.uonet er arrance:1ent 
is s~own in ~ig. 2. In this arrang~uenli, the field coils of 
so t :i.m t t~:e field strenstL can be :~:..-de o:i: any r easona1le .Jag-
::.;_i·tude, irrespective of· chances \h1iCJ.l occur in ·Lle r.1ovirl[; coil 
sys·ce;~l. '.:.~.i:li s arrane;e:-1en t ~:mke s :)o ssi ·ble t1.le evalua·t; ion of 
cell resistance over a relatively large ranee. Tjis system 
!las lJOSsibilities, howevel", it is inherently defective by vir-
tue of tile co:1stancy or t.:1e s~)rinc torque. The constant 
s:nri ·3 torque Vl~'licll is a;J)lied :J.a:~es it rat:.1er difficult to 
desi ~~-n an ins·Grunen-t of tl]i s t J::oe having a sui ta :.:1e scale dis-
·t;l'i butic:a. '.il1e:1 cou:Jled vJi th a trc::.nsf'ornel" arrm~ -:_;e;:.ent as 
discussed later, this type of unit wo'J.lcl be c:~d::irs.·Jly suited 
to the ~easuresent of hi values of cell resistance. 
~he next tyne of syste~ considered nas tte cross-coil 
dyna'JOr.:leter s~1o-rm in J:fi;;. 3. In this unit, the field coils are 
se:rJc.ratel:r excited e.s rJe:E'ore so t:.-::.at -cl::ce field s crenct;h -;:Jay 
be r:1aintained at a constant high vc;.lue iiholly indc)encie::lt of 
tj1e :Joving coil syste1::. Inste2.d of one r.1oving coil, this 
arran~-::ement calls for ti-:e installa tio11 of tvvo Govinc coils 
connected to the external circuit by t~ree conductinc fila-
nents. Units of tilis type are in UGe for the ~-~easure,1ent oi' 
')OYler factor and frequency. Tlle leads clre ln·out;ln out tl1rcugh 
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a series of delicate fi lanent s so arranged tl1at tl1ey ~)reduce 
a negligible restorinG torque. ~ccorQingly, ins~ruuents of 
tlli b ·cy~;e n~:e~1 disconnected frou t.;::eir yower suy··ly, are en-
tirely free, tl1at is, tl1e aovinc; syste:..: will reLtain &-c rest in 
any ·;osi"Gion ·where it is left. 
:iTor a~;>plication to tl1e deusure,.lent of resis-cance the unit 
resi stan.ce and R2 an unlc11ovm resi s·tance. '1il1en the coils are 
dis)osed as sl~orm and t.l1e )Ginter arro.nceu so ·;;i1c..·G it bisects 
the an.::;le be~ween the coils, then equal values o:i' R1 and ~ 
will ??reduce a pointer deflection at the center of the function-
inc scale • .:..s Rz incre2.ses, the torque in its noving coil be-
cones less, therefore, the pointer will nove to the left. A 
decreuse in 1·esista:::1ce of H2 ·will excite "G.::11s coil and the 
2JOiJ:J.;:; er will r:10ve in the op:·)osi t e direc·~i o:c1. 1 .. systen of this 
ty'')e is e~~:inently sui ted to the :.1ee.su::-enent of a great variety 
of resistance values. To chance the range of the instru~ent, 
it is only necessary to !;lc.2ce variations iri tLe value of .Rl· 
For la:)oratory )Urposes wl~ere a self-corltained instrunent is 
e s s e21·ci s.l, a standard tv~e of ~recision resistance 
v • 4 
box. Calibration curves can then be cons~ructed to ;ive co-
reS)O:J.ding deflection VG.lues of Rz in ter~s of any :;;reviously 
investi;u~ed value of R1. 
~~is syste~ was tested carefull~ an~ found to be auite 
-20-
$3.tisfac·cory wl1en usee. ·within tile ru.n0e of 0-600 ohus. J!'or 
full scc.le deflection values of less t".o.n 600 olEls, tl1is sys-
·ce.:::: TJ::::s found unsui teJ because o1' L;he snall deflecticEs pro-
duced. .. .. not:1er inllel'ent Yveal:ness oi' t.i~is circuit rests in 
~·~i vc~lues of cell curre::rt flon. '.2~::.is objec·~io:rr 17c~s ccr:sid-
erec;:, sufficient to lee.d the writer ""Go reject tl.i;c; circuit e.s 
unsu ~ i sfcc tor::r. 
~·1;:::. 3 sLO\JS t~1e arr3.:rl£:e:Lent o-;.· -~:le dynauc:.~ete::: used for 
the above discusseJ tests. For certain tmgnitudes of resis-
ts..nc e, t.i:li s circuiT; ~Jrcved useful. It Vi&c usee: in tne e~~ lora-
tor:r y,or:c in connec·~ion ·,;i·cJ:~ t~1ese investiCEi.tions. '-'lle sane 
L1s·~rmaenL; r,';:,s then uodified ::.s s~:o·:m in .cig. 4 by including a 
transfor~er in t~e cell brancj of the circuit. 
In t.::lis case tLe tranc;forLer Viinding tc~l:es tl:e place of 
the cell resistance :Jreviously used. S:Lcrt circ .. :i ti · tl1e 
sec;-::'::~C!G::::7 coil of this trc:J.:sforller reduce:;, t~J.e iLr)edm,;.ce of 
the coil to )rac·t;icG.lly zero, ~c:lUs leCJvin~~ ti1e effec·cive vs.lue 
of "..;Le indicc.ccine; tllr,t of tl~e pure resist;;.;.;we of tl1e ·crunsfor-
Ler coils. Inas<2uch 2.s icc is c. re:s.t i vely si112;)le 2:a t ·~er to 
de si ~:n cc. tra::1sf'or: :er he, vine; necli ci 'ble resi sta:c1c e and e. high 
value or ir~ednnce, ~iis type of circuiL; uus dee~ed worth 
furt~er investis~tion. 
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ratio of 1.35 to 1 was connected in the circuit as shown, the 
instrument gave full scale deflection when a resistance of 12 
ohms was connected across the secondary of the transformer. 
Upon substituting a transforme~ which bad a ratio of 6.1 
to 1 full scale deflection required 60 ohms. 
When this transformer was connected into the circuit as 
an auto-transformer with the low voltage winding 180 electrical 
degrees out of phase with respect to the high voltage winding, 
thus giving a ratio of 1.2 to 1, full scale deflection was 
produced by a resistance of 750 ohms. 
Inasmuch as all three of these ranges can be produced in 
one transformer unit and in further view of the fact that these 
ranges are well within the limits ordinarily encountered with 
cells of the dimension which are satisfactory, this unit was 
assembled for service. As constructed, the instrument possess-
es a satisfactory scale distribution, as shown in Fig. 5. 
ADVANTAGES OF THE RATIO TYPE DYNAMOMETER 
All things considered, the ratio type of crossed coil 
electrodynamometer seemed to be the most flexible and conven-
ient of all the instrument types that were studied. Among 
its advantages are the following: 
(1) The moving coil can be made light in weight and 
therefore of low inertia. 
(2) Damping when required can be accomplished with an 
... V) ... 
0 L: ,.., 
:r: 
~ ~ 
0 
-
~ 
w 
f-
LI)II>O 
_J 
~ .q- <( 
fC u 
-
V) 
I It 
X .... 
C/) 
-Q 
l&J 
_, 
< 
u 
C/) 
ll) 
(/) 
-
·u.. 
-24-
cenerally fou2d unnecessary. 
'-' 
(3) Freedo;:l fron :aecll&nical ccn-crol by D'Jl"i:-lc s Eal:es tl1e 
electrical control of t:::.e inst:cc::.r:lent ~:10re flexi ·:Jle L.Ld ;)recise. 
(4) By dis)lacinc ti1e novinL; coil and ;;ointer £Lnc;les, the 
scc,le cc..n :je ne:.de o:;;e:::-1 and es.sy "GO resd wit~1in ',iide lii:li ts. 
(5) The use of transfor11ers to link t~:ce instrunent elec-
tro":·:~J.c;ne-cicc:.lly wi tll the cor1duc ·~i vity cell nakes it possi lJle 
t::e instru.::1ent as designed llas a r:w.xirJ.u~-~ ra:~:;e of' '750 olms, by 
usin:; :..::. trBJ.1.sfor.:'ler· -.iith reversed ra·~io and sui to.ble impedance 
ratios, i "G \iould be ~)0 ssi i:Jle ·to adu)t tl1e ins·crunent to iligher 
resis-cunce ranses. 
torque T an·::. t::1e curren"G I in the coils ~ws oeeJ: worl:ed out by 
Drysdale (2) as follows: 
1""1 = K Sin {o+d+D) (Izil Cos e) I .J.. 
- I~ T r2 
u = Ll 1 """2 2 1.~ Cos (t+d-tiJ) {I2I1Cos e) II 
2 2 
'.i:hese eq_ualiic:.1s are stric"Gly true only in t:i.10se cases 
v1Lere t l1e e..reo. of the nov in::; c oi 1 is L1f'ini ·c ely s:.:.1c~ll in con-
:;:-.:~riso~1 uitiJ t!1e fixed or excitin~:: co:.J.. r.rhi~ condi"cicn can 
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onlY be remotely approximated; therefore, the value of the 
equations rests solely in their usefulness as a means of approx 
imating design values. 
In the case of the free dynamometer (without springs} 
equipped with crossed moving coils, both the actuating and the 
restoring torque are supplied by the electrical system. Inas-
much as there are no springs embodied in the design of the 
moving system under discussion when it is at equilibrium, the 
clockwise rotational torque of tbe restoring coil is equal and 
opposite to that of the actuating coil torque. If we use the 
following symbols, together with those shown previously, and 
Fig. 6, we may approximately express the relations which exist. 
Ll - Inductance of field coil. -
L2 = Inductance of actuating coil. 
L3 = Inductance of restoring coil. 
Il - Current in field coil. 
I2 - Current in actuating coil. 
-
I3 - Current in restoring coil. -
M2 - Mutual inductance between Ll and L2. -
M3 = Mutual inductance between Ll and 1<3· 
~ = Angle between field coil axis and zero scale 
position. 
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d2 = Angle between a:xi s of e.c tua ting: coi 1 e:1.d instrun.ent 
-r;ointer. 
d3 = .tkJ.[;le betr~een o.:xis of" restorinG coil <.o.:nd instrunent 
:JOinter. 
D = Angle between zero pointer position ana ~osition for 
given reading (deflection anc;le). 
e2 = :Pl1e. s e an::;le bet',7ee~~ field coil and actuatirl::" coil. 
83 = Zmse an:_::le betneen field ceLL and restoring coil. 
T2 = l:..ctuatine; coil tor que. 
f111"Z 
= Restoring coil torque. -v 
u 1 = Energy of actuatins coil ( rots t; i o nal ) • 
u2 = Energy of restoring coil (rotational). 
~~e followinG design data will shou so~ethinz of the pro-
cedures wtich wel'e used in connection 1vi th t~1e de siG;n of tlli s 
unit. It should be pointed out, however, tl-l&t c.f"ccr tl1e cora-
~lete design hud been effected and a unit ~rocured u~ich a~~ro:x-
ina ted these values, ruin or ad just:~er~_-c s ·were necessary in order 
to ad<.:,_;?t the unit to the )articular req_uire~:lents at J.:and. 
'.i.1 ~~~e torq_ue :;reduced ~)Y the actuatin,_: coil was assun:.ed to 
be clockwise and therefore considered as ~ositive. 
III 
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'::?tee torque of tne restoring coil W3.S assu.::Jed to be counter-
cloclnvi se a:1d t.1erefo1,e co!lsidered. ne,_;ati ve. 
IV 
Energy ecuations: 
a) ~ctuatin~ coil (clockwise) 
T .,..2 .,.. r2 
.wl.L1 .1..12 2 
U2 = --- +-- - 1.:2 Cos 2 2 ( ~ +d2 +D) (Ili'' cos 8c::) hi hi v 
b) Restoring coil (counter-clockwise) 
_ L1I 1 L:3..l..~ l 2 -r2 U3 - ~-+ -r - M3 Cos ( o +d3 +J) (I1I3 Cos VI 
.71th t:1e aid of these equations and tlle follovJiiJ.g assulr.~.:;::>-
tions, :Qreliminary design de,ta YJas ·worked out froLl which the 
conr)leted instrume:nt v1e..s assembled af'ter nckinc empiric adjust-
ments in those electrical characteristics which a:Qpeared inade-
quate • 
.n.ssu.mptions: 
a) Inde~endent field excitation 
E1 100 
I1 = ~ = 800 = .125 at1peres 
Rl 
b) For mid-scale 
_ E2-3 
I 2 - In --
- v R2-3 
= ~~~--~L~iTll~e-~v~o~l~t~a~'G~-e~·~---~ {R of' coil) +{R of unlcnown) 
Solving for R2- 3 
R2-3 • E2-3 • .llQ. 
--I- .025 = 4,400 ohr:1s. 
VII 
VIII 
c) ez = ez = 0 
d) 0 = 14° 
e) dz = 0 
f) d3 = 28° 
Zq_uo.ticms III and IV wei'e next equated c_t equili!Jriur.l 
or 
-rr S.l~ 11 J.\.3 
Kz sin (14+1J) 
At the geo:J.etric center of tl1e scc.le, Iz = I3. 
tLer :~fore, si::I~-:>li f'y equ&t im1 (X) as follows, ~;v-1lere Dra is 
t11e deflection an.:.;le at l:lid- scale. 
_ sin 
sin 
(14-t Dn) 
( 42 + D J m 
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:a 
This rela~ion will hold for all values of scale deflection. 
-.7e can no':; substitute tilis value fo:c the rs.tio K3 in eq_ue.tion 
Kz 
X to find the relation between the actuating and restoring 
currents for o_ny value of D. 
Iz = sin (14 +D0 .} 
I 3 sin ( 42 t Dm) 
sin (42 +D) 
sin ( 14 +D) XII 
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SPECIFICATIONS OF THE INSTRUJ\1ENT 
The final circuit arrangement as used and which at this 
time has been in service for approximately two years are shown 
in Fig. ?. It will be observed that a line switch has been 
included for the purpose or cutting out the instrument when 
not in service. A series of calibrating and protective resis-
tance coils were connected in the restoring coil circuit and 
connected to switches which also controlled the transformer 
ratio. Two double-pole double-throw snap switches were re-
quired by this arrangement, as can be seen from the sketch. 
This arrangement eliminated the necessity for a complicated 
multiple pole switch and greatly simplified the operation o~ 
the unit and the selection of the most suitable range. 
For purposes of calibrating upon each change of range, a 
short-circuiting switch was installed to shunt out the cell. 
CURRENT FLOWING THROUGH CELL 
In order to determine the magnitude of currents flowing 
through the conductivity cell, it is necessary to calculate 
the current values in the various parts of the moving coils 
and related network. For this purpose it is convenient to 
represent the network with an equivalent circuit as shown in 
Fig. 8. 
Fl6 7 CIRCUIT Aa U~EO. 
RESTORING COIL (Rz.) CALIBRATJNG~v) 
LINE 
ACTUATING COIL(!i',) TRANSFORME~(~ 
FIGB EQUIVALENT CIRCUIT. 
r~------.------
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In these estimates the re.:.cct~.nce of the i:lovinc coils r;ill 
be iznored as these values are of sufficiently loTI L~Gnitude to 
involve no serious error as con~;e..red riit~. t~J.e ol11:~ic resist~:n1ce 
values in t .~le circuit. This will be oiJVi ous c:,ft er ins~;ec ting 
z = I H2 + (2 1T ""'L - l ) 2 ] t L .!. 2iffC 
R - to~rl resista~ce 1~ t~e circuit. 
Cu=rent Dis~ri~ution. 
lJ Let 
z = equivalent i~ped2nce of corxJl~te circuit. 
~ =-a~]lieC ~otential. 
E 
I = z 
I = 
- r5 t [ 1 1 1 
-r .... +r, 
..,.,_ ,, .. 
..lir.. ... lo.. 
= 
XIII 
XIV 
F:::r tt2 geo:._1ecric ce:.1ter "Gi:ce scale: 
T·- = r:x: ~'-
:::::cuc.l t orc:ue e.nd eqv.o.l vs.lu::: s of uovi 
un1:c~1 fielG excit~tio~. 
co-1 l r Ir,,) 
...... \ ..:.. 
0 .,.,. ... . 
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::vii 
eeL. cu:::.Te::.0, <..•.ssl.L.ling 
XVIII 
curre::1t 
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ich flou~ ttrouGh ~he cell le~ of ~he 
-ue actual cell curren-~. li'cr t:;is :1urpcse we '.lill let 
lz -
Tl 
turn or volt~se ratio of the tr~~sfcruer and ignore the 
hysteresis and eddy curren~ losses in the trunsfor~e~. 
same sL-1pli 1'i ca:tion will also ·Je :·u:~de in oth::;;r c,:: :?I'o::::i::w.ti ens 
':Iticn follow. :C.:x:ci tine curre~ t values ~lC~ve been deterrJined & t 
c. nu:l-iJer of voltac;es vJi tl1in --c.:le ra e co.m.monl:/ used ar::.d these 
tion is justi:t'i ed. 
·:..'tle curre:r:--c ra tic Vii ll there fore also be 'l'z/21 as the coil 
wi·G:l t~1e larc-er nu~:1ber of· Gurns of wire is connected into the 
dyne.:.lo<Jeter coil systen. 
Let tin~; Ic equc.l cell curren-~, we can t here:·o1·e ·wri ·ce 
th::: followinc rela cicn ·oy consideriws eq_m.n;ion XIX. 
in cell current values. 
(a) :B'or x/5 ra::lct;e \0 to l2 ob.r,ls) 
r5 = l60J ollLlS 
r1c - r8 + rv = 315 + 1210 = 1525 ol-:u1s. 
Line potential tru(en as 110 volts. 
and Ic - .023 • 18.35 = .427 amperes. 
{b) For x range {0 to 60 oh~s) 
r 5 = 1600 ohms 
rk = r2 + rv = 3. 5 + 690 = 1005 ohms 
E: 
110 = 
18 6.11 
110 volts 
110 
3200 + 1005 = 
110 
4205 = .026 amperes 
Ic = .026 • 6.11 = .164 runperes 
(c) For 12.5 x range (0 to 750 ohms) 
(i.mtotransforner connection) 
r5 - 1600 ohms 
rk - r2 + rv = 315 -t 170 = 485 ohm.s 
110 
110-18 
= 
E = 110 volts 
110 = 1 1t"l 
"'"'92 • l:l 
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~ -~----------------------------------------------~--------------------~ 
= 3200 + 485 = 
110 
• 0298 amperes 
Ic = • 0298 • 1.19 = • 0356 amperes 
The a·oove data is summarized as follows: 
Scale 
Range 
x/5 
X 
12.5 X 
CELL CURRENT FOR ili.CH RANGE 
Hange in 
Ohms 
0-12 ohms 
0-60 ohms 
0-750 ohms 
Current in 
Cell (Geomet-
ric Genter of 
.Scale) 
• 427 amps. 
• 164 amps. 
• 0356 amps. 
POTEJ\'TIAL .A.PFLIED TO CELL 
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Dynamometer 
Current 
in Cell Coil 
• 023 a.t:ly s. 
• 026 aJTI.ps • 
.0298 arnps • 
It is advantageous to analyze these conductivity circuits 
in ter;:ns of the potential applied to the cell. l!'or this purpose 
we will use the geometric center of the scale as the reference 
point. 
'.i'he vol tae;e drop across ET, the moving coi 1 side of the 
transforger will be as follows: 
XXI 
At nid-scale the inpedance of the transformer coil {ZT) in 
oh;ns -vJill be equal to the resistance of rv since r 1 and r2 are 
equal. Therefore, for mid- scale we may '\'i'ri te 
~ 
~---------------------------------------~----------------~ 
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XXII 
The voltage applied to the cell (Ec) can now be found by 
nul tiplying the transformer primary voltage 1)y the vol ta'2:e 
tra.nsfor.:nation ratio of the transfor:n.er or T1 /T2. ·,Ie may, 
therefore, vvri te 
Ec = XX:III 
Solving these equations in terms of the constants for the 
tbree ranges we find the following values. 
{A) For the x/5 range 
ET = .023 • 1210 = 27.83 volts 
Ec = 27.83 1~0 = 1.52 volts 
(B) For the x ra1~e 
ET- .026 • 690 = 17.93 volts 
Ec = 17 93 18 = 2.94 volts 
• 110 
(C) For the 12.5 x range 
ET = .0298 • 170 = 5.06 volts 
4.24 volts 
POVi'ER COIJSUl.L.:r.riCF IE CbLL 
The maximum. power consuupti on for gem:1etric mid- scale can 
now be calculated if we assume that tte capacity reactance of 
the cell is negligible under test conditions. In this case, 
~------------.,--------, 
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P = Ec Ic nrv 
A1Jplyin{:-S tl1i s to the rni d- seale values as above determined 
we cet the following. 
(1:..) Scale x/5 (0-12 ohms) 
P = 1.52 • .427 = .065 watts 
(B) Scale x (0-60 ohms) 
P = 2.94 • .164 = 0.476 watts 
(C) Scale 12.5 x (0-750 olTI~) 
P = 4.24 • .0356 = 0.148 watts 
HE.A/2ING EFFEC'.r PRODUCED IURil,iG Dl!;Ti£RI.;.Ilif.A'IT ONS 
The cell power consum.pt ion results in the heating of the 
solution during deterr:unat ions, ti1erefore it vvas deened advi s-
able to estimate the optimw.;1 volurae of solution which should be 
used in ;·:laking a determination in order to reduce the cell power 
consu.:-aption error to a minimura. 
6. T = 'l'en0erature rise during test ·oecause of cell power 
consun'Otion. 
t = Determination tine in seconds. 
c = Average snecific heat of solution under test. 
,-
----------------------------------------~------------------. 
J:.. = .?ro:oortionali ty factor for converting watt seconds 
= 0.24 into calories. 
H = Heat in calories. 
i:lp. Gr. = .L .... verage s:9. gr. of solution. 
V = ~:..verac;e volume of solutio:2 in lrl. 
n - Cell power consUL.l:ption in wat-cs \i,lid-scale value). 
For any solution 
H 
~'l'­
- V • ( Sn. Gr. ) c 
H = KPt 
Since K = 0. 24 
XXV 
XX:VI 
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t - assum.ed to be 5 minutes or 3o·; seconds as averac,-e. 
H = 0.24 P•300 
Or H = 72 P XXVII 
3ubsti tuting :avrr in 1:J.':V 
72 p 
t::,. T = V • ( Gu. Gr. ) c ZXYIII 
':'he average volmae of solution ·whi cb nust be used to pre-
Vel1t an excessive temperature rise is tlle desired q_uo..ntity, 
t:::e:cefor e, erua ti on XXVIII is tre.r:spo sed. 
v - 72 p (i3p. Gr.) c 6'1' x:ccc 
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FIG. 9. Temperature rise of cell in degrees Centigrade for 
various volumes (milliliters) of electrolyte, between 0 and 12 
ohms, 0 and 60 ohms, and 0 and 800 ohms. 
,r 
~------------------------------------------------~----------------------, 
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'l.'~~is equation is general, hor;ever, it l"J.ay be 1.12.de ap]Jlic-
able to aq_ue::;us solutions by assur.1inc; tl1e follmvinc; values for 
vs..rio.bles. 
S:9. Gr. = 1 
c = 1 
The curvesahaw~ as Fie. 9 bused on these calculations, 
he.V·C:: been found convenient in selectinc a suite: ~:Jlc~ sar1pl e volume 
for test with this instrwnent. 
0 HL:.I C R:i1GI .S? .t>.H C:.C 
Inas:1uch as the differential dynar.wneter r:easures i:.1pedc.nce, 
si--'ce it is operated by an alternatinc: current, it is evident 
that tl:e scale re<::Ldinc indicates the vector surL of the oh.r1ic re-
si stc~nce and the capacity reactance of the cell. 'i'he opinion 
of sev·aral ;?:roninent C}:lenists ims been expressed in effect that 
the electrostatic capacity of the cell would not be of any 
serious [10me:1t in dealing with solutions of hiGh conductivity. 
The extensive work v:hich has bee~1 done with solutions whose re-
sisto.nce has been less than 750 ohms hs.s tended to verify this 
opinion. 
l !easurer1ent s were made to det err.1ine t~1e cape-: city recctance 
and susceptance of the cell. 'J:he systen use:: involved the intro-
~ ~----------------------------------------~ 
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duction of a variable inductance having a constant ohmic resis-
tance in series with the cell. By means of the well known re-
lations which exist between capacitance, inductance, and ohmic 
resistance, adjustment of the inductance makes it a simple 
matter to determine the values of all the vector quantities. 
By using a variable inductance and calibrating it to read 
directly in capacity rather than inductance, it would be poss-
ible to make the instrument direct reading both in regard to 
capacity and ohmic resistance of the cell. Other methods would 
also make possible direct measurement of the capacitance of the 
cell. 
CONDUCTIVITY CELL ADAPTATION FOR FOLLOWING 
THE COURSE OF REACTIONS 
Since the prime purpose of this study has been to design 
equipment which can be used with an accuracy of plus or minus 
1% to follow the changes in conductivity of solutions during 
the course of chemical reactions, it would be expected that 
the standard types of conductivity cells would not be wholly 
sui table and this has been found to be the case. 
In the first place, the great majority of available cells 
have been constructed for use while immersed in a thermostat. 
Being sealed and of small dimensions, these are unsuited for 
service when it is required that stirring and burette delivery 
be an integral part of the determination. 
rr------------------, ( -~-
The dippinG type of electrode which has been used extens-
i vely for followine; c:.1anges in c endue ti vi ty durinc processing 
opera·ti on is satisfactory only wt en the solution to be investi-
o·atr.::d is in a sta·ce of eauili briun. :1hen a renctant is added 0 • 
this type of cell is slow to respond to change because stirring 
m.ec~or~:~{i s.ms do not insure a sufficiently rapid di splt:..CeJ.:lent of 
the solution in contcct with the electrodes. 
'I'o overcome these objections and at the saLle tir:le incor-
poro. te e. num.ber of features ·which are of particular inportance 
in connection with the type of studies contemplated, the elec-
trade syste-:::, shown in detail in Jfic;. 10 was designed. It has 
proven sa ti sfac tory for ne.ny -pur-:_1oses, however, J?arent and 
Melchione (3) have pointed out certain difficulties with this 
cell and recor;L"Jended the unit s.h 0\!Vn. in ~'i C· 11. 
fhe electrode systen (Fig. 10) consists of two round sec-
tions of heavy :1lfitinuu foil each 2-l/2 cr.1. in dianeter. .l:3y 
mec:.:1s of glass su::~porting mer:rrbers these foils- ar-e ric;idly s epar-
ated by a distance of 2-1/2 em. ~his s~acing has been found 
satisfactory for studies conducted with low resistance electro-
lyte solutions. Solutions offerinG a hich resistance nould re-
quire closer cou::~lin,: and larger diameter foils. 
·:rhe electrodes were asser:lbled ricidly with e:,lass tubing 
to insure a minimum of plate displace1aent when a stirrer is in 
o~;er::-.tion iJ:c t:1e solution. In addition to t!1is necessary rif;id-
ity, the horizontal arrans~1ent also insures a ra~id distribution 
Pt.-__, 
Gla.ss _ __.. 
fjj. -- ·~··~~-........_ 
Pt.. _ __.., 
FIG tO £L£CTROOE SYSTEM 
r 
To !Jyn{Jmometer 
welded 
I=""IG 1/ ELECTffODE SYST£ M OF 
PARENT AND MELCHION E 
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of solution between the electrodes. ~his is ~articular illiport-
ant wjen values of resistance are being taken ra,idly after 
consecu.ti ve additions of reactant f'rod a burette. 'Ji th the 
ordi··mry type of electrode systen, i "c was found necessary to 
allor; an ap::)reciable :period of tine for the conpleted reaction 
to ~;;.ani fest itself in a change in conductivity. In certain in-
sta;1c es this fault c~e.ve rise to the cone lusion that the reaction 
was ,rocressinc slowly when actually t~i~ was not the case. 
J\.no tl1er inportant feature of the ur esent electrode sys tern. 
is its lov; ohrn.ic resistance. 'rhe usual for~,l of electrode system 
depends U)On small diameter platinum wires for connection be-
tween the mercury wells and the electrodes. The present system 
Ttl&terially reduces this resistance by utilizing a relatively 
large section of the platinw:.1 electrodes as Llercury contact raem-
bers. These ears, shown in the diagra~, extend through the 
glass tubes and thus insure low resistance. ~his feature is 
particularly il!1portant with the :9resent systen in view of the 
fact that the values of cell current are corrsiderably higher 
than ordinarily used. 
CALI J3:Rb.T ICH C F L ~S 'I'RULJLN·r 
'rhe followine; tables nw:nbered I,,./III, rv and V 1vere con-
.ti, 
structed frou a series of tests made by connecting the cell 
ter:1inals to a precision ty0e non-inductive resistance box. 
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TABLE I 
CALIBRATION DATA - HIGH RANGE 
(R : Scale X 12.5) 
Resis- Scale Readi_ngs De via· Max. 
tance Trial til Trial t/2 Trial t/3 Trial 714 tion Error 
Box In- De- In- De- Scale (R=l2.5 X) {Obms) oreasin_g creasin_g creasing creasing Ohms ~ 
I 
50 I 3.5 3.25 .25 3.12 6.3 ! ' 100 I 7.5 I 7.25 ! 7.5 .25 3.12 3.2 I l I I 150 11.25 
' 
11.25 .oo o.oo o.o I I I ! 200 ! 16.0 16.0 ! 16.75 .75 9.38 4.'1 I ' ! 250 I 19.5 19.5 .oo o.oo o.o I l l I 
' ' 
I 300 i 24.0 ' 23.5 23.5 .so 6.25 2.1 l i I I 350 ' 27.0 27.0 .oo o.oo o.o I I t I i 400 ! 31.0 ( 31.0 ! 30.5 .50 6.25 1.6 
I l l I 450 l I 35.0 34.5 .50 6.25 1.4 I I I I ' I 500 l 38.0 I 37.5 I 38.0 .50 6.25 1.25 
550 I ! 40.0 I 41.0 1.00 ~2.50 2.3 I ! I I t I I 600 47.25 46.25 46.25 I 1.00 ... 2.50 2.1 I l ' I 700 50.0 50.0 I 50.0 .oo o.oo o.o I L5.62 ,2.2 750 60.0 60.0 l 58.75 58.75 I 1.25 
i 
~. 
r----------, 
Resistance 
(Ohms) 
50 
100 
150 
200 
250 
300 
350 
400 
450 
500 
550 
&00 
700 
750 
TABLE II 
CALIBRATION CURVE - HIGH RANGE 
(R = Scale x 12.5) 
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Observed 
Average 
Scale Reading 
3,375 
7.42 
11.25 
16.25 
19.5 
23,7 
27.0 
30.8 
34.75 
37.8 
40.5 
46,58 
50,0 
59.58 
Max. Min. 
3.5 3.25 
7.5 7.25 
11.25 11.25 
16,75 16.0 
19.5 19.5 
24.0 23.5 
27.0 27 .o 
31.0 30.5 
35.0 34.5 
38,0 37.5 
41.0 40.0 
47.25 46.25 
50.0 50,0 
60,0 58.75 
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TABLE III 
CALIBRATION DATA - INTERMEDIATE RANGE 
(R : Seale Value) 
Resis- Scale Readings Devia- Max. 
tance Trial f/1 \ Trial f/2 Trial ff3 Trial 'i/4 tion Error 
Box In- De- In- De- Scale R=soale (Ohms) creasing creasing creasing creasing 10hms I .~ 
! ! l i l ! 1 i .75 i 
w ' l l I l ~ I 2 ! 1.5 i I I ' I l j I ! I I 3 I 2.5 l I I I ; ' 
I 
I I 
' 4 ! 3.6 I I ! I 1 ! ~ l 5 ! 5.0 5.0 i o.o I I j I l I i I 
I 
6 5.75 ~ ( I I i I I I ! 7 I 6.85 ! ' I I ! ' \ 8 8.oo 
I 
i 
I I 
' ' I 9 l 9.00 { I l I ! ~ 
I 10 
I 10.0 10.0 10.0 o.o ! 
i 
15.5 15 l 15.5 o.o I • 20 I 20.5 20.5 o.o 
' I ! 
I 25 ! 25.25 25.25 o.o i 
f ! 
30 l 29.5 29.0 0.5 ! .5 1.67 I ! -i 
35 I 34.0 35.0 1.0 !1.0 2.86 I 
! 
i 
40 38.5 38.0 0.5 I .5 1.25 I l I 45 I 1.5 3.24 42.5 44.0 11.5 
50 49.0 49.0 o.o 
55 50.0 49.0 ,. I 1.0 11.0 1.82 60 56.25 
_L 56.25 J 
-~ 
,-----------------. 
II""'"" 
TABLE IV 
Resis- Soale Readings Devia- Max. 
tanee Trial 111 Trial H2 Trial fl3 l 'l·ri al H4 Trial H5 tion Error 
Box In- De- In- : De- De- Scale R : Soale 
(Ohms) creasing creasing creasing l creasing creasing 1 X/5 
' 
I Ohms ~ ! 
I 
I I I 1 5.5 5.5 5.5 5.3 5.5 0.2 I .04 4 2 11.25 11.5 11.5 11.0 11.5 0.50 I .10 5.0 l l 
l ! 
I I 
' 3 17.3 16.75 17.5 16.5 16.5 I 1.0 .20 6.7 I I } I I 
4 1 22.75 21.75 23.0 21.75 ! 22.5 I 1.25 f .25 6.3 I I ' I ! i I I I 5 27.5 I 27 .o 28.0 ,_ 27.0 ~ 28.0 ! 1.0 I .2 4.0 I l l i ! i ! 
6 I 33.0 I 33.5 I 32.0 31.5 ~ 33.0 ! 2.0 ! 
7 I 37.5 I 38.0 I 36.5 ' 36.0 l 37.5 I 2.0 I i ! I I i 8 41.5 
1 
41.5 I 40.0 t 41.5 40.0 ' 1.5 ~ ' ! 
I 
9 I 47.5 47.5 I 48.75 l 47.5 f 46.25 2.5 f 10 l 51.25 I 51.25 51.25 I 51.25 ' 51.25 o.o l I t I i11 56.25 56.25 l 56.25 ! 56.25 l 56.25 ! o.o I j ! 
! ' I I 
' i 12 I 60.0 l 60.0 60.0 l 60.0 i 60.0 o.o ' ! I 
I 
.4 I 6.7 
.4 15.7 
.38 4.8 
.63 7.0 
o.o o.o 
o.o I o.o 
o.o \ o.o 
I 
(}1 
0 
I 
,.--
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TABLEV 
CALIBRATION OURVE - LOW SCALE 
(R = Seale/5) 
Resistance Average Observed 
(Ohms) ~cale Reading Max. Min. 
I 
1 I 5.46 5.5 5.5 
I 
2 11.35 11.5 11.0 
3 16.91 
I 
17.5 16.5 
I 
4 I 22.35 23.0 21.75 
' 
! i l 
5 
,. 27.5 I 28.0 27.0 6 32.6 33.0 32.0 
I 7 37.1 38.0 36.0 
8 40.9 41.5 40.0 
9 I 47.5 48.75 M.25 
I 
10 51.25 51.25 51.25 
11 56.25 56.25 56.25 
'12 60.0 60.0 60.0 
r~~------------~ 
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These data have been correlated in various manners for 
the purpose of showing the maximum, minimum, and average 
deviation from true values. 
A study of these data will indicate that the performance 
of the unit is well within the limits expected and that minor 
refinements, particularly in technique, can be applied to 
bring the accuracy of the unit well within the limits imposed. 
Curves summarizing the data Shown in the tables of calibration 
data are included as Figs. 12, 13 and 14. 
APPLICATION OF THE INSTRUMENT 
The conductivity determinations were carried out as fol-
lows. Conductivity versus concentration data were taken on 
ammonium nitrate, potassium ferricyanide and ammonium terri-
oxalate using bright platinum electrodes, and the dynamometer· 
conductivity circuit under discussion to measure resistance 
directly. The curves which follow show the findings. 
Conductivity values were then deterndned when solutions 
of each of the above substances were diluted with a solution 
of one of the remaining components. The molar conductivity of 
each of the component substances was then taken from the corres· 
pending dilution curves and these added and compared with the 
experimentally determined conductivity values. Table VI shows 
one of the many sets of such determinations. In the case of 
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each combination, the calculated conductance agreed with the 
determined value within the limits of experimental error. 
All three of the above substances were next dissolved 
together and conductance values taken at various dilutions. 
Again the sum of the individual conductivities was found to 
be equal to the experimental value within the limit of experi-
mental error. Table VII shows the final data from this series 
of determinations. 
REPRODUCIBILITY OF INSTRUMENT 
Dilution curves have been taken, as Shown in Fig. 15, 
which show the fidelity of the instrument. The tabular data 
from waich this curve was plotted is snown as Table VIII. 
It will be observed by a perusal of this curve that the re-
sults obtained by adding water to acetic acid or the converse 
give points which fall on the same line. 
~-------------------------T-~-B-L-E--VI----------------------_-5-7--~ 
CONDUCTIVITY OF AMMONIUM FERRIOXALA.TE AND AMMONIUM 
NITRATE SOLU!'IO!-JS WHEN MIXED 
150 cc. distilled water and 24.95 cc. of ammonium ferrioxalate 
solution added initially. 
MOl. F.A.O. CO. NH4N03 Mhos 
cone. Mhos NH4N03 MOl. NH4N03 
FAO Cone. 
Calc. Scale Mhos 
Total Read- c= 
Mhos ing Ohms 1 
X R 
.Range 
0.01429 .0220 o.oo o.o o.o 0.0220 44. 47.5 .0210 
0.02 43.5 47. .0213 
o.o5 43.5 47. .0213 
0.10 43.5 47. .0213 
0.12 43.5 47. .0213 
0.15 43.5 47. .0213 
0.18 43.5 47. .0213 
0.01424 .0218 0.20 0.000114 0.000057 0.0219 43.5 47. .0213 
0.22 43.5 47. .0213 
0.30 43.5 47. .0213 
0,40 43.5 47. .0213 
0.50 43.2 46.7 .0214 
0.60 43. 46.4 .0216 
0.70 43.5 47. .0213 
0.80 43.5 17. .0213 
0.90 43. 46.4 .021~ 
0.01418 .0217 1.00 0.000625 0.0003125 0,220 42.7 46. • 0217 r; 
1.20 42.5 45.9 .0218 
1.40 42.2 45.5 .022 
1.60 42. 45.3 .0221 
1.80 42. 45.3 .0221 
0.01410 .0216 2.00 0.001131 0.000566 0.222 42. 45.3 .0221 
2.20 42. 45.3 .0221 
2.40 42. 45.3 .0221 . 
2.60 41.5 44.9 .0222. 
3.00 41.5 44.9 .0222 
3.50 41.0 44.3 .0226 
4.00 41.0 44.3 .0226 
4.50 40.8 44.1 .0227 
0.01387 .0214 5.00 0.00278 0.00180 0.232 40.5 43.8 .0228 
6.10 40. 43.4 .0230 
0.01350 .0208 10.00 0.00540 0.00360 0.244 39. 42.1 .0238 
15.00 38. 41. .0244 
0.0128 .0199 20.00 0.01027 0.0051 0.0250 36.4 39.2 .0255 
30.00 35. 37.2 .0267 
0.01160 .0181 40.00 0.01860 0.0110 0,0291 32.2 34. .0294 
0.01109 .0174 50.00 0.0222 0.0138 0.0312 31. 32.6 ,030 7 
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TABLE VII 
150 cc. Distilled Water X Range Bright Platinum Electrodes 
I 
I II III IV v VI VII VIII Molar- Mhos Total Scale 1Experi- Exp. 
Total Volume co. Molar <.;oncen- Mhos cc. Molari t~ Mhos cc. ity NH4N03 Calcu:J,ated Reading mental .Mhos 
of Solution FAO tra te .If .A. o. FAO R.P. R.P. R.P. NHANO~ NHANO~ MhO_.& 1 Ohms 
I 
150 cc. 0 e 0 0 0 0 0 0 0 0 +Range c:::::>O 0 
I 
' 
164 14.0 0.00853 0.01362 0 0 0 0 0 -- -- --
I 
167 14.0 0.00838 .0134 3.0 0.001797 
10.00400 o.o 0 0 0.0174 57.0 I 0.0162 I 61.7 
167.50 
" 
0.00835 .0134 
" 
0.001790 0.00398 0.50 0.000299 0.00015 • 0175 56.5 61.0 .0164 
168.0 " 0.00833 " 0.001786 1.00 0.000595 0.00030 56.0 60.0 .0167 
168.50 " 0.00830 " 0.001781 1.50 0.000890 0.00045 56.0 i 60.0 .0167 
169.0 " 0.00828 " 0.001776 2.00 0.001183 0.00059 56.0 1 6o.o .0167 
170.0 " 0.00823 0.0132 " 0.001765 0.00393 3.00 0.001765 0.00088 .OlfO 54.5 58.5 .0171 :/, 
v 
171.0 " 0.00818 " 0.001754 4.00 0.00234 0.00140 
I 
;, .. : 54.0 58.0 .0172 
1'1}, 
172.0 
" 
0.00814 
" 
0.001744 5.00 0.00294 0.00185 ~. 53.0 57.0 .0175 ~ 
f( 
174.0 " 0.00804 0.0130 " 0.001724 0.00385 7.00 0.00402 0.00245 .oJ.!a 
51.5 55.5 .0180 
177.0 It 0.00790 
" 
0.001695 10.00 0.00565 0.00350 r: 49.0 I 53.0 .0189 ··-' 
.o2t1 182.0 
" 
0.00769 0.0124 " 0.001650 0.00370 15.00 0.00824 0.00495 45.0 148.5 .0206 I'' 
187.0 
" 
o. 00749 
" 
20.00 0.01070 0.00512 i 42.0 i 0.001604 I I 44.9 .0222 
>', 
I 
I 
197.0 
" 
0.00710 0.0116 " 0.001522 0.00344 30.00 0.01522 0.00865 .o2~' 38.5 41.6 .0240 
I, 
207.40 
" 
0.00675 0.0110 
" 
0.001447 o.oo3sg 40.40 0.01950 0.0117 .02f0 36.5 I 39.3 .0254 
I 
217.00 
" 
0.00645 0.0106 
" 
0.001382 0.00316 50.00 0.02300 0.0145 .o21P 34.0 36.1 .0277 ~;;;. 
F.A.O. is Ferric Ammonium Oxalate, .tre(NH4I 3 (0204)2 • 4H'01 
i 
R.P. is Red Prussiate or Potassium Ferricyanide K3Fe(CN 6 
Note:- As the above experiment progressed, a thin blue coating 
I formed upon the surface of the electrodes. : I I 
i 
I 
I 
'· 
l 
"" I 
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TABLE VIII -60J--
ADDING H02H3o2 TO WA.TEB 
.Approx. 1.0 M. HC2H302 
150 cc. Distilled HaO at start. 
(Bright Electrodes} 
HC2H302 Scale 
Scale Resistance o=.! Molarity Reading R 
o.oo 12X 00 0 0 
3.85 " 52.5 750. X .00133 .0244 4.64 " 47.5 690. X .00145 .0300 6.4 " 39. 585. X .00171 .0409 
9.05 " 33~5 490. X .00204 .0568 15.92 " 25.5 373. X .00268 .0961 29.42 " 19. 280. X .00357 .1639 45. " 16. 233. X .00429 .2305 50. " 15.5 225. X .00444 .2500 o.oo " 15.5 50. " 12.2 180, X .00556 .4000 o.oo 
" 
12.2 
50. " 11. 166. X .00603 .5000 o.oo " 11. 50. " 10.25 155, X ,00645 ,5720 
ADDING WATER TO HC21I302. (150 cc.) 
H20 Scale Scale Resistance o=l Mola:ri ty Reading R 
29.9 12X 9. 138. X .00725 1. 
50. 
" 
9.2 140. X .00715 .882 
o.oo 
" 
9.2 
50.0 n 10. 150. X .00667 .682 
o.oo n 10. 
25.2 n 10.5 160. X .00625 .612 
50.0 n 10.75 165. X .00606 .555 
X Plotted values. 
ADDITIONAL INFORMATION RELATIVE TO THE 
EFFECTIVENESS OF THE INSTRUMENr 
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Numerous dilution curves and acid base titration curves 
have been run with the instrument, with uniformly satisfactory 
results. Tables IX to XII and the curves shown as Figs. 16 
to 19 are typical. 
Titrations involving oxidation reduction systems have not 
been satisfactorily handled with the instrument. 1~e oxalate 
permanganate system and ferrous ammonium sulphate dichromate 
system have been tried repeatedly with unsatisfactory results. 
More study of this particular problem is needed before f'inal 
conclusions are justified. 
Parent and Melchione (4) have conducted a large number 
of acid base titrations involving both weak and strong acids, 
combinations of these and mixed acids with uniformly good 
results. The same investigators have also reported satisfac-
tory results when studying precipitation reactions. 
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TABLE IX 
ADDING 1.0 M HCl (Approx.) to H20 
150 cc. Distilled H20 at start. 
(Bright Electrodes) 
HCl Scale Scale Resistance c = 1 Molarity Readings R 
0.7 cc. 12X 
0.8 tt 54.5 775. X .00129 .000665 
0.82 tt 35.5 520. .00192 .000800 
0.85 tt 26.8 395. .00253 .000999 
0.9 tt 22.0 325. .00308 .001330 ;. 0.95 tt 17.9 262. .00382 .001662 
1.01 tt 15. 220. .00455 .00206 
1.1 tt 11.2 170. .00588 .00266 
1.3 tt 7.5 115. .0087 .00399 
.. 1.55 " 5.7 88. X .0114 .00564 ( 1.9 tt 4.3 * 68. .0147 .00794 
~\ 1.9 X 57. * 68. 
--\ 
2.2 tt 48. 51.9 .0193 .00990 ~ 
t. 2.6 tt 38.8 42. X .0238 .01250 ~· ~I 
2.9 " 35. 37.5 .0267 .01445 l ? 3.42 tt 28.5 29.8 .0336 .01590 !'. 
~ 3.92 " 25. . 25.5 X .0392 .0210 [!-, 4.9 tt 20. 20.5 X .0488 .0272 t.~ 5.7 tt 15. 15.2 X .0658 .0385 '• 
t 10.9 " 9.75 * 10.7 X .0935 .0636 ~· w~ 10.9 X/5 52.5 * 10.7 ~ 12.9 tt 45. 9.2 X .1088 .0752 [ ~~ 
' 15.95 tt 38.5 7.8 X .1283 .0922 
17.85 tt 36. 7.1 X .1410 .109 ~ 
.. , 21.05 tt 32. 6.25 X .1600 .1195 . 
~· 22.55 tt 29. 5.6 X .1785 .1275 ~ 
f!;, 28.2 
" 
26. 5.0 X .2000 .155 
h 37.03 tt 22. 4.1 X .2420 .195 ~. 
~-\:'~ 50. tt 18.75 3.5 X .2860 .2465 
I 0.18 tt 18.75 [;~ 
[t 25.2 tt 15.75 2.9 X .3450 .3310 
~- 51.5 tt 13.25 2.5 X .4000 .4000 
~ 0.52 tt 13.25 50.32 tt 11.80 2.2 X .4550 .5020 ;:: 
~ 
* Scale Changed. ': 
X Plotted values. 
TJ.BL'E X 
ADDING H3P04 to H20 
Approx. 1.0 M. H3P04 (See curve for exact concentration). 
150 cc. Distilled H20 at start. 
{Bright Electrodes) 
H3P04 Scale 
Seale 
Reading Resistance c - 1 -lt Molarity 
o.oo 12X 
0.1 " 42. 630. X .00159 .000666 0.25 " 24.5 360. .00278 .001665 0.30 " 20. 295. .00339 .001995 0.45 
" 
15. 220. .00455 .00299 
0.72 " 10. 150. .00667 .00478 1.9 " 5. 78. X .01266 .0125 2.42 X 58. 63.2 .0158 .01588 
3.3 
" 
49. 53. .0189 .0215 
4.21 
" 
39.5 42.7 .0234 .0273 
5.8 
" 
33.5 35.6 X .0281 .0373 
6.85 
" 
30. 31.7 .0115 .0437 
10.2 
" 
25. 25.5 X .0392 .0636 
15.5 
" 
20. 20.5 .X • 0488 .0937 
26.35 
" 
15. 15.4 X • 0649 .1494 
50.00 tt 10.5 12. X .0834 .2500 
o.oo X/5 58. 
22.85 tt 48. 9.7 X .103 .3265 
50.00 
" 
41.5 8.5 :A .1177 .4000 
o.oo 
" 
41.5 
50.00 
" 
37. 7.4 X .135 .5000 
o.oo " 37. 50.00 
" 
34.5 6.75 X .148 .5720 
X Plotted Values. 
Note: Correction at scale /round necessary. 
. change 
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TABLE XI-
ADDING 1.0 M NaH2P04 to H20 
Approx. 1.0 M. NaH2P04 
150 co. Distilled H20 at start. 
(Bright Electrodes) · 
NaH2P04 Seale Seale l:tesistanoe 0 = 1 Molarity Beading 
.l:i 
o.oo 12X 
0.4 " 57.5 828. .00121 X .00266 0.45 " 52. 743. .00133 .00299 0.58 
" 42. 630. .00159 .00385 0.7 " 35.5 520. .00192 .00465 0.85 
" 
29.5 439. .00228 .00564 
1.1 
" 
23.5 345. .00290 .00728 
1.35 " 19.5 287. .00348 .00892 1.9 
" 14.5 212. • 004?2 X .0125 3.0 
" 9.5 145. .00690 X .0196 8.32 
" 4. 65. .0154 X .0525 8.32 :X: 53. 57. .01752 X .0525 
9.55 
" 
43.5 47. .0213 X .0598 
11.73 
" 
38. 41. • 02435 X .0726 
13.9 " 33.5 35.5 .0282 X .0849 18.2 
" 27.5 28.5 .0351 X .1111 24.31 
" 22. 22.5 .0444 X .1392 35.85 
" 17. 17.2 .0582 X .193 50.0 tt 13.8 14. .0714 X .2500 
o.oo tt 15.8 14. 
50.0 " 9.75 10.0 .1000 X .4000 o.oo X/5 55. 11.35 .0881 X 
50.0 tt 48. 9.7 .105 X .5000 
o.oo 
" 48. eo.o 
" 43.5 8.95 .1118 X .5720 
X Plotted values. 
Note: Correction at scale change. 
r 
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TJ.BLI Xll 
ADDING 1.0 M. NaC2H302 TO WATER 
Appro:x:. 1.0 M. NaC2ij:302 150 eo. distilled H20 at start. 
(Bright Electrodes} 
NaC2H302 Seale 
Scale Resistance 0 - 1 Molarity Reading --R 
o.oo 12X 
0.32 
" 
59. 855. .00117 X .00213 
0.42 " 47.5 690. .00145 .00279 
0.53 " 38. 567. .00176 .00352 0.65 " 33. 482. .00207 .00432 0.85 " 26. 380. .00263 .00564 1.15 " 19.25 284. .00352 .00761 1.63 
" 
14. 207. .00483 .01076 
2.75 
" 
8.5 130. .0077 .01800 
5.27 
" 
4.5 70. .0143 .0339 
6.1 X 59. 64.5 .0155 .0391 
8.57 
" 
45. 48.5 .0230 X .0540 
10.61 
" 
38. 41. .0244 X .0660 
13.35 
" 
32. 34. .0294 X .0817 
16.69 " 27.5 28.5 .0351 X .1000 
21.55 
" 
23. 23.5 .0425 X .1255 
32.5 
" 
17.5 18. .0555 X .1781 
50.0 
" 13.5 13.9 .0720 X .2500 o.oo 
" 
13.5 
50.0 
" 
9.5 9.75 .1023 X .4000 
o.oo X/5 54. 11.1 .0900 X 
50.0 
" 
45. 9.2 .1085 X .5000 
o.oo 
" 
45. 
50.0 
" 
41. 8.4 .1190 X .5720 
ADDING H20 to 150 co. NaC2H3P02 
H20 Scale Scale Resistance 
c-1 Molarity Rea dins 
- ~ 
o.oo X/5 37. 7.4 .1350 X .1.000 
50.0 
" 
37. 7.4 .1350 X .7500 
o.oo " 37. 7.4 15.09 
" 
38. 7.6 .1315 X .6970 
50.0 
" 
40. 8.2 .1219 X .6000 
o.oo " 40. 8.2 13.2 
" 41.5 8.5 .1177 X .5700 30.05 
" 43. 8.8 .1135 X .5350 50.00 
" 
45. 10. .1000 X .5000 
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SECTION III 
SYSTEMS FOR THE MEA.SUREMENT OF THE CONDUCTIVITY 
OF ELECTROLYTES iJIIHI CH DO NOT REQUIRE THE 
USE OF ELECTRODES 
All of the electrodeless systems for the study of the con-
ductivity of electrolytes considered are fundamentally identi-
cal. In each case the instrument consists of an iron core and 
a coil to furnish electrical excitation. The coil in all cases 
considered being supplied with alternating current from the 
60-cycle power line. In each case the cell to contain the 
electrolyte must be in the form of an annular ring constituting 
a single turn or a multi-turn glass coil, the electrolyte con-
tained therein constituting the actual load coil for the trans-
former. 
Fig. 1 is typical of the simple systems considered. A 
consideration of electromagnetic theory will indicate that the 
current flowing in the line coil of the transformer will in 
all cases be a function of the ohmic resistance of the cell or 
secondary coil. If the resistance of the electrolyte contained 
in the cell is small, the current flowing in the primary coil 
will become larger. 
SYSTEMS FOR ELECTRODELESS DETEffi~INATIONS 
INVOLVING Sn1PLE IRON CORE AND COIL 
SYSTlllJIS 
To summarize the types of measuring system considered, 
-za-
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Figs. 1 to 6 have been included. 
In Fig. 1 the transformer unit should be designed so that 
the power consumption from the mains would remain constant re-
gardless of cell A. To accomplish this, a non-inductive resis-
tance coil would have to be inserted in series with the primary 
or line coil. If design constants were properly selected, and 
further if the line voltage {EL) were held constant, a decrease 
in cell resistance would result in a decrease in E1 • Assuming 
a sufficiently sensitive instrument for measuring E1, a satis-
factory system would be possible. This type of unit was assem-
bled; however, it was found that the magnitude of the voltage 
change (El) was not sufficiently great to render this type of 
apparatus applicable in many cases. It could probably be used 
if the cell were of very large dimensions and if the electro-
lyte under consideration possessed very high electrical conduct-
ivity. Design data for such a cell will be included later in 
this section for the benefit of those who may wish to investi-
gate this tYPe of system further. 
The system shown in Fig. 2 also require.s the application 
of a constant potential EL• An indicating wattmeter would 
serve as the measuring device. In practice it would be nec-
essary to open switch 81 and with the cell uncharged apply 
ELand record the wattage consumed by the system (P). The 
second step in making a determination would involve the filling 
IRON CORE 
~· F"IG I CONSTANT POW£R INPUT SYSTEM. 
t 
~ 
p lffON CO"£ CfLL. 
riG 2. E~UIVAI-£NT RESISTANCE SY3Tf:M. 
IRON CO"E 
riG \J l!JALANCE. l\lf/fANG~M£NT. 
E" =I( 
of the cell and again reading the wattmeter with EL maintained 
constant. The third and final step would involve emptying and 
cleaning the cell and closing switch S1. RK would then be 
adjusted until the wattmeter P indicated a power value equiva-
lent to that indicated when the cell contained the unknown. 
At equivalent values of power RK would be equal to the resis-
tance of the electrolyte contained in the cell. The practical 
operation of this system would require an extremely sensitive 
wattmeter and would be susceptible to the same objections as 
were recorded for the arrangement shown in Fig. 1. 
A third type of related system which also has possibili-
ties but which is subject to the same objections as the 
systems shown in Figs. land 2, is shown in Fig. 3. Again, 
this system must be supplied with the constant potential EL. 
In practice a wattmeter would be inserted into the supply 
line in Fig. 3 in the same manner as was required in Fig. 2. 
A wattmeter reading would be taken with the switch S2 open 
and with the cell empty. Following this, the cell would be 
filled and a second wattmeter reading taken. The cell would 
then be emptied and switch S2 closed. Potential P1 would 
then be adjusted until the wattmeter indicated a value equiva-
lent to that which was indicated when the cell was charged 
with the electrolyte under study. The resistance of the 
electrolyte contained in the cell would then be a function 
of the potential applied from potentiometer P1. 
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The circuit arrangement required for another type of 
electrodeless system is shown as Fig. 4. This system requires 
that a constant alternating current potential, E1, be applied 
to an exciting coil, A, wound on a simple transformer core. 
Adjacent to this transformer core and positioned as shown 
would be a second core of substantially identical dimensions. 
This core would also have wound upon it a coil, preferably 
with a very large number of turns. The terminals of this 
indicating coil (B) would in turn be connected to an alter-
nating current potential measuring device indicated as E2. 
The cell, consisting of an annular glass container or its 
equivalent, would constitute an electrical link between the 
two magnetic systems. With the cell empty, a negligible 
potential would be induced at E2• On the other hand, if an 
electrolyte were placed in the cell, the current induced in 
the cell by l1 would also flow around the core C, thus magnet-
izing it and inducing a potential in the coil B. It can be 
readily shown that the potential E2 would be a function of the 
resistance of the cell. While a system of this type has 
distinct possibilities for the continuous measurement of the 
conductivity of strong electrolytes, if a flowing cell were 
used, it was the opinion of the author that for the studies 
at hand it would be unsuited due to inherent errors. 
r 
~' 
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Figs. 5 and 5 show two additional systems which were given 
careful consideration, but rejected for the same reasons as 
were put forth in the above paragraph. The systems shown in 
.l!'igs. 5 and 6 both utilize two isolated electromagnetic systems 
of substantially identical dimensions. In both oases, one of 
the magnetic systems is linked with the cell to serve as a 
short circuited secondary turn. A calibrated resistance unit 
would be inserted in an identical manner in the o~her magnetic 
system. It can be readily shown that the matched pair of 
electromagnetic systems would perform in an equivalent manner 
when R1 was adjusted to equivalence w.ith the resistance of 
the cell content. 
In Fig. 5 the balance indicator consists of a mid-tapped 
transformer, the secondary of wnich is coupled to a voltmeter 
(E) or an equivalent A.C. potential measuring device. 'rhe 
potential applied to the system EL would divide equally between 
the mid tap of the primary transformer and the respective 
branches of the two electromagnetic systems used for the con-
duct of the measurement. 
In Fig. 6 an electrodynamometer would be substituted for 
the mid-tapped transformer to give equivalent results. While 
excessive line losses would be eliminated by this means, the 
sensitivity of electrodynamometers is not generally great 
; enough to permit the system to be opera ted except when strong 
e 
FIG~ 
FIG ~ FIG fi 
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electrolytes are the subject of study. 
Considering the various systems described in Figs. 1 to 
6, it appeared advisable to carefullY investigate one of these. 
Accordingly, a unit was designed which could be operated ac-
cording to the procedures recommended for Fig. 1. 
I. The following maximum cell dimensions were considered 
satisfactory: 
1. Depth 1.5" (Inside) 
2. Large Diameter 2.5" (Inside} 
3. Small Diameter 1.25" (Outside} 
4. Max. Cell Volume = ~ (2.52 - 1.252) (1.5) = 
4 
= 5.55 In3 
In Metric Units Cell Volume = 5.55 • 2.543 = 91 cm3 
II. On the basis of the above assumed dimensions, a rough 
estimate of the conductivity of the cell when full be-
tween the limits to be encountered was computed. Fig. ? 
shows all of the physical dimensions. Subsequently, a 
number of cells were constructed to different dimensions; 
however, the figures which follow will indicate the genera 
procedure used in predicting performance. 
1. Cross-sectional Area (a) 
a =(:·5 ~ 1.25) (1.5} = 0.93?5 Sq. In. 
or a= (.93?5) (2.542 ) = 6.05 em: 
r 
' 
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2. Average Perimeter of Cell (P) 
p = Tf(2· 5 -t; 1. 25) : 5. 9 Inches 
or P = 15 em. 
3. Total Equivalent Resistance of Cell (Rx) 
Let Ra = Resistance of 1 cubic centimeter of solutio 
Rx = Ra • P or 
a 
_ Rx 6.05 
15 ohms/cm
3 
Assumed cell constant (K) based on above 
K = 6ig5 : 0.403 
• 
• • Ra = Rx • o. 403. 
4. Assumed limits of conductance to be encountered. 
Cell Load 
Condition 
Minimum 
Ma:x:imum 
Total Cell 
Resistance 
(Rx) 
.005 ohm 
1000.0 ohms 
. Total Cell 
Conductance 
(g) 
200 mho 
0.001 mhos 
Conductance/cm3 
G 
497 
0.0025 
_Method of computing (G) above from assumed values 
of (Rx) and corresponding values of (g) 
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From 3 above Ra = Rx • 0.403 
But Be. = 1 and G R:x: = ~ 
• 1 = 0.403 
• • g g or 
G = 
g 
0.403 
The heating effect in cell in terms of calories 
per second per volt induced in cell was next esti-
mated. (See No. 4 above for assumed values). 
a) Minimum Condition 
t - E2 t Hea - .24-- or 
R:x: 
1 = I Heat constant = .24 • 005 48 cal./sec. volt 
b) Maximum Condition 
Heat constant : .24 1~00 = .00024 cal./sec./volt 
III. Design of magnetic circuit for transformer. 
1. Dimensions fixed by cell design. 
a) Cross-sectional area of iron core (a} 
a = (~")2 : .39 sq. inches 
b) Length of magnetic circuit (L). (See Fig. 7) 
L = 2 (~)4-2 {2i) = 11.25 Inches. 
c) M =weight of core= (.28 lbs./cu.in.) = 
0.28 (0.39 • 11.25) equals 1.23 lbs. 
-~"~,. ~~ 
.SECTION VIE':{ (FVLLSCALE) 
·:::..~ 
~-=#?' ~ - - ~- ·-- -~~-~--~-------
- -~ s;{i~o, ~fee I C~r-e. -~::~ 
- ":~ __ __:"'=~-~ --~ ~ ~ -~-....;; :c~~::;;:;;; 
Jl~tr~.~!~~ ~::::: ' ,':IM1~, Qes>•o~o~:"'o0oo I li'l I· /j 'rl• 1 Cod o o 
1
'.111. 1 1 ,·t.~.. C'e/1 , ·,.(;j:~/ ooc:.o ~ I · 1!\ ~~ " , : , ~· ,1 , o o o o0\s 1l\v ~+-- ,.. 1 t , I ... :\lP ·; Q u, C> , 4., () .. I ·.~ 1\, . OD 00 .. ~::: I! 't .. '·,· "'0 0 
.. 
1.5" 
'111~ ' ~~ I o o o , ~.J I ~~~ q111 , ~~~~ , ~/ r l o C) "' c::> C) I ~ t ~~ ~~~~~ ll\' - ~ ~ ~- ~· ~ ~~~---....;;..el~-::(!) ........ e:, "-.;;;;;0'~'4 -~ -- ~ -~~ - ---~-- ::: ~ -=oo;:-~~~ ~--~-- :_ .• ~_:;~~~ -~~ _---~~ 
For !Tesearch Pro9ram 
ubject £I e "fro cJe le -'S C'ondu.c-/iwifJGII 
File No. Sketch No. 1 
PREPARED BY 
CLYDE A. CROWLEY 
CONSULTING ENGINEER 
B~~ DATE-;:] /I frJ'-" 
-a~-
d) Primary coil winding space, i.e., cross-
sectional area of window space available for 
coil and insulation. (W) (See Fig. 7) 
W: 1.75 • 1.25 : 2.18 Sq. In. 
2. Magnetic flux density in core. 
Reference to the B-H curve, Fig. 8, indicates that 
the greatest change in primary amperes per unit change 
in flux density is to be expected if the chosen grade 
of 4% silicon steel is worked at between 105 and 115 
kilolines per square inch (B). 
3. Hysteresis losses (Ph) as per Steinmetz equation. 
ph = kltv (~)1.6 10-6 1000 
-k1 4 for silicon steel used 
f = frequency = 60 cycles 
V = volume of iron in core = 4.39 cu. in. 
B = Maximum flux density = 115,000 
4. Eddy current loss (Pe) 
Pe = k2V (tr10~0 ) 2 • 10-5 
k2 = 1.5 for silicon steel used. 
t = Thickness of laminations used : .0188" (No. 26 
_ 5 gauge) Pe- 1.5 • 4.39 (.0188 • 60 1io6g00 )2 10-5 = 
= 1.1 watts 
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5) Total core loss (Pl) 
P1 =Ph+ Pe = 2.09+ 1.1 = 3.19 watts. 
IV. Design of Electrical Circuit. 
I 
. 1) The line cpil was designed for operation on a volt-
age below line voltage and a non-inductive fixed 
resistor inserted in series so that increasing the 
secondary burden {decreasing resistance in cell) 
would cause an increase in potential drop across 
the resistor and a decrease in the potential applied 
to the line coil and cell. This should result in 
a large series resistance potential change for a 
relatively small change in cell current. The over-
all result was directed toward maintaining the I 2R 
and consequently the heating effect in the cell 
constant throughout a wide range of conductance 
values. 
2) In addition to the above considerations, it appeared 
advisable to include a condenser in parallel with 
the transformer line coil to adjust the power factor 
to unity. 
If XL= Inductive Reactance 
Xc = Capacity Reactance of COil 
R = Ohmic resistance of primary coil 
Z = Impedance 
For unity power factor 
x1 - Xc = 0 or 
2 rr fL = -2~J,..r~c-
6.28 • 601 = 1 6.28 • 600 
c = 
1 - 1 .0000007 Farads 
6.282 • 602L - 142,200 L = L 
or in Wdcrofarads c = •7 L 
Where C = capacity of condenser required in farads 
L = inductance of primary coil in henrys 
Using a condenser of the proper capacity as indicated 
above in parallel with the line coil, we may use the 
following formula for computing the power taken by 
the transformer. 
p = IE or 
(Il El - losses) : 12 E2 
Il - line coil current -
El = line coil potential 
!2 - cell current -
E2 - cell potential -
It will, however, be necessary to consider the phase 
angle in estimating copper losses. 
cussed later. 
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Th is will be dis-
3) Since for purposes of preliminary design it may be 
assumed that primary ampere turns equal secondary 
ampere turns (neglecting hysteresis, eddy current and 
copper losses) we may write: 
N1 I1 : N2 I2 
where Nl - Primary turns -
N2 = Secondary turns = 
Il = Primary current 
I 2 = Secondary current 
Then N1 I1 = I2 
1 
Since E2 I2 : k {previous design considerations) 
and E1 I1 - (Iron losses)-(copper losses} = E2 I2 
Assuming copper losses equal to iron losses which can 
be effected by selection of wire size; we may substi-
tute as follows: 
4) From B-H curve (Fig. 8) we find that. N I range is from 
354 max. to 160 minimum, or: 
N I • 11.25" : total ampere turns or 
Cell Load 
Condition 
Maximum 
Minimum 
NI 
Per Inch 
354 
160 
N I 
Total 
3982.5 
1800.0 
5) Primary current 
a) 
b) 
c) 
d) 
e) 
f) 
g) 
h) 
Magnetizing power = 3.69 watts 
Power for copper losses = 3.69 watts 
Tan 9 : 3.69 = 1 
3.69 
e = 45° 
Cos e = .707 
(El I1 .707) - 6.38 = E2 12 
N1 I1- (previous) 
: (EJ !1 • 0.707) - 6.38 
I2 
E2 
Nl Il: (El I 1 • 0.707) - 6.38 
E2 
6) Applied vel tage and AE for change in flux density 
~B = (115,000- 105,000) lines/in. 2 
LlH : (354 - 160) ampere turns/inch or 
LlHt = (354 - 160) 11.25 ampere turns. 
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a) Maximum condition with respect to voltage and flux 
density. 
Assuming EIM = 100 volts, we may substitute into m\IT 
equation and solve for turns (N) 
E : 4.44 fNAB 
108 
Where f = frequency = 60 cycles/sec. 
A = Cross-sectional area of core = 0.39 
B Min.= :t!'lux density = 105,000 lines/in. 2 
100 • 108 
N: 4.44 • 60 • 0.39 • 115,000 
N = 837 Turns for line coil 
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b~ Minimum condition with respect to voltage and flux 
density. 
E : 4.44 • fNAB 
108 
E = 4.44 • 60 • 837 • 0.39 • 105,000 : 91 volts 108 
7. Current values in line coil. 
a) Line t1~ximum Condition) 
N1 I1 : 3982,5 = 837 I 1 
r~K : 3982,5 = 4,77 ampereS 
.a.m 837 
b) Line (Minimum tiondi t1 on) 
IlL = 1~~~ = 2.13 amperes 
8. Current values in cell (Maximum Condition) 
a) (El I1 Cos 9) - losses = E2 I2 
Cos e = o.707 (previous) 
Losses = 6,38 watts (previous) 
El = 100 
Il - 4.77 -
b) (100 • 4.77 • 0.707) - 6.38 : E2 I 2 
c) 
d) 
E2 I 2 = 332.6 
E - E1 = 1QQ = 0.1195 volts 2 - m1 837 
e) Since E2 I2 = 332.6 watts 
and E2 = .1195 volts 
The instrument was built based upon the above values, and 
equipped with a series resistance of suitable value to produce 
constant power input regardless of cell load. 
In order to check the sensitivity of the instrument within 
the limits for which it was designed, a variable potential was 
applied to the terminals of the line coil and the current flow 
measured. Since the current as plotted is a function of the 
ampere turns per inch only, a curve plotted from the above data 
will indicate the sensitivity of the instrument. This is shown 
in Fig. 9. 
After constructing this instrument, it was used for tests 
with a considerable number of electrolytes over a period of 
several months. A very serious difficulty encountered early 
in the work involved difficulties in measuring the changes in 
potential produced across the resistance unit. Numerous 
potential measuring devices were designed and assembled. In 
no case were any of these deemed completely satisfactory for 
use when the electrolyte consisted of a dilute solution having 
poor conductivity. Definite readings could be taken with 
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relatively concentrated solutions of strong electrolytes; how-
ever, the main interest in the problem centered around an 
instrument which would be capable of working when dilute solu-
tions of weak electrolytes were under study. Accordingly, a 
new attack w~s taken on the problem. 
SYSTEMS INVOLVING COMPLEX ELECTROW..AGNETIC 
ARRANGEMENTS 
Fig. 10 reports the author's first attack with the multi-
legged core system which was eventually found to be satisfactory 
under proper conditions. 
The system shown in Fig.lO consists of a transformer core 
containing three legs. The standard type of E and I punching 
was used to assenble this unit. Coils A and Bare identical 
exciting coils, excited by the 60-cycle A.C. power supply. 
These coils are so connected to the line that the magnetic forces 
induced by them are in opposing phase relationship in core 
leg C. This would result in a zero potential being induced 
in the coil on leg C. A cell to contain the electrolyte was 
designed for insertion on leg A. A coil containing the same 
number of turns as the cell was assembled for installation 
on leg B. This coil, termed the balancing coil, was supplied 
With a potential in phase with the supply voltage by pot entio-
meter P. The mathematical approximations which follow will 
show that the conductivity of the electrolyte contained in the 
cell for such a system is a linear function of the potential 
EB• The following symbols will be used to develop the relation-
ships which exist between the circuit components of this 
system. 
Ic = Current in conductance cell 
Ib = Current in balancing coil 
Ec = voltage induced in conductance cell 
Eb : Voltage applied to balancing coil 
Nc = Turns in conductance cell = 1 
Nb = Turns in balancing coil = 1 
-Rc ~esistance of conductance cell charge 
Rb = Resistance of balancing coil 
Neglecting power factor considerations which can be made 
extremely small: 
I = Ec c 
(Ohms Law) I 
Considering the fact that Ec is equ~l to a constant (Kc) 
it follows that 
Ic = Kc 
Rc 
II 
Since Rc is also a constant (Kb) it also follows that: 
Ib : Eb III 
Kb 
since 
or 
Since 
Under conditions of balance 
Nc Ic = Nb Ib IV 
Nc - Nb (construction) -
Ic - Ib 
-
v 
Therefore: 
Kc 
= 
Eb 
Rc Kb 
or 
1._ 
-
!Q_ 
-Rc KcKb 
but 
KcKb = Another constant (K) or 
1 Eb 
= Rc K 
VI 
.L 
- the R -c conductance of the cell {C), we may write 
C : Eb 
K 
thus showing that the potential value {Eb) required to balance 
the system is a linear function of the resistance of the con-
tents of the cell. 
Considerable difficulties were encountered in using the 
above instrument. These difficulties were largely caused by 
harmonic potentials generated in the coil c. A telephone 
receiver would hum constantly and no immediate remedy appeared 
available. Electronic types of galvanometers were not found 
I 
I 
t ~' 
; 
I 
~ . 
satisfactory due to the small magnitude of the potential in-
duced in the coil C at approximate balance. Accordingly, this 
system was abandoned in favor of the arrangement shown as Fig. 
11. 
THE ELECTRODELESS CONDUCTIVITY INSTRUMENT WHICH 
WAS FOUND WORKABLE 
A rearrangement of the system shown as ]'ig. 10 resulted 
in Fig. 11. The same type of three legged transformer core 
construction was used. The exciting coil was wound on the 
center leg and excited with a low voltage. The input required 
to excite the core was approximately 0.75 KVA. The two outer 
legs of the core were wound with turn ratios, with respect to 
the exciting coil on the center leg, sufficiently high to in-
duce into each of them potentials of 5000 volts. These high 
voltage coils were connected to each other in phase opposition. 
Under these conditions and with no load in the cell and with 
RK disconnected from the system, the potentials across the 
terminal marked "to null indicator" should be zero. 
After constructing a number of coils, two were selected 
from the group which were substantially equal from the stand-
point of turns. As will be shown later, the small potential 
existing between the two coils was readily compensated for. 
In application the cell as shown in Fig. 13 was placed on 
one of the outer core legs. .1.'he other core leg was equipped 
with a coil having an equivalent number of turns but wound with 
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0.25 by 0.25 inch annealed electrolytic copper bar. The ter-
minals from this coil were connected to a calibrated resistance 
bo:x: RK· 
In practice, the cell was charged with the electrolyte 
under investigation and RK adjusted until the null indicator 
showed a zero deflection. Under these conditions RK would be 
equal to the resistance of the electrolyte in the cell. 
Since a potential of over 4000 volts was induced into 
the balanclng coils during operation of the instrument, it 
was deemed advisable to protect the entire assembly with a 
safety switch operated by the door of the thermostat which 
housed the complete unit. This switch was so arranged that 
opening the ~oor would disconnect the line potential from the 
coil, thus eliminating all ~ossibility of dangerous shock. 
Fig. 12 shows dimensions which were found satisfactory for 
the iron core. That portion of the assembly which contained 
the coils was imbedded in insulating compound after the conn-
ections had been made to protect the coils from mechanical 
damage. 
The assembly of the E and I punchings into the coils, the 
glass cell, and the large copper balancing coil involved con-
siderable difficulty. While the cell constructed was found 
serviceable, a break produced in the cell would be fatal to 
its further use. This advantage is a very serious one since 
i 
'-4J 
··~ , 
~ 
,_ 
,..!II. - ~ 
·-
,_ 
'"' 
II! 4 ,-.-
~!! 
.~ 
i 
, 
4 
'II i
1 
[Ill 
Ia t..L" .!,• ... 
I I' II 8 ',.,....., ~ii--I'· I s 
I I 
' I C\J I 
,, e u ~ 
~ x, ~ .~ ~ 
' 
3 •• ~ r-
T A e 
~~ 
151tK£LITE: COVJ:!b 
---- ------- -----
-- -- ---
COIL.. COIL. COIL 
~ .otOOOTliRNS e1 TURNS . ~OOTU"NS 
~ ,...~,01,.,.,n No 12. OCE:. No.~ ENAMEl. 
CORE DIMENSIONS AND COIL AS.S~M8LY 
F•' ~~ 
-98-
the cost of assembling a new unit would be encountered at any 
time that the cell was damaged. 
A number of means were tried for filling the cell. The 
most satisfactory method involved the application of a vacuum 
to the upper glass stopcock shown in Fig. 13. By applying a 
vacuum at this point and carefully regulating the tlow with 
the bottom glass stopcock, it was found possible to fill the 
cell With most of the electrolytes in question without the in-
clusion of air bubbles. It is recognized that the partial re-
' 
moval of dissolved gases and evaporation are hazards to be con-
sidered with this method of cell filling. 
Since thermostatic control was essential, the complete 
assembly took ~he form shown in F1g. 14. The thermostat used 
consisted of a double walled box made from transite. The 
space between the walls was filled 1dth rock wool. 
As Shown in Fig. 14, two heat exchange units were coupled 
with the main compartment of the thermostat with dampers so 
that the ratio of the volumes of the constantly circulated air 
could be selected from the heating and cooling section as re-
quired by the contacting Beckman type thermometer. The dampers 
were operated by a low speed, gear-reducing, reversible motor 
M3• The energy required for operating this motor was furnished 
by transformer T2 through a relay which was mastered by the 
Beckman thermo control T. Since the contacting thermometer 
used was equipped with extremely minute platinum contacts, 
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it was 1bund impractical to allow these to carry currents 
greater than those required by the grid of a 45 vacuum tube. 
Accordingly, this type of tube was used to furnish the field 
excitation for the relay. The eo tube rectifier tube shown 
was used to furnish the direct current for operation of the 
45 tube. 
Shortly after putting the thermostatic unit into opera-
tion, it was found impossible to maintain temperatures within 
0 the limits desired, namely 0.01 c. unless the temperature 
differential between the desired thermostat temperature and 
room temperature were maintained relatively constant. In order 
to accomplish this, the voltage applied to the heater units, 
which consisted of a bank of t.hree 10-watt lamps connected in 
parallel, had to be controlled with a potentiometer, P, and a 
resistance, R4. 
The Beckman type contacting temperature control is shown 
in detail in Fig. 15. Having completed the assembly, after pre 
liminary test to determine its utility, numerous types of 
vacuum tube detecting systems were studied for use as null in-
dicators. The vacuum tube galvanometer system shown in Fig. 16 
was sufficiently sensitive to show a deflection when the lack 
of balance in the system was relatively great; however, it was 
found too difficult to control to be considered reliable. Un-
doubtedly, further work with these types of detecting systems 
would result in the development of one which would be complete-
ly satisfactory. 
r 
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The 2-tube amplifier and detecting system shown as Fig. 17 
has considerable possibility for application to this type of 
measurement; however, very careful shielding is essential. 
A study of other null type of detecting systems indicated 
that the barreter bridge held considerable possibility. Fig. 
17 shows the form of this bridge which has been used by Schiele 
and Wien (86). In operation the condenser C1 is first charged 
from a 220-volt D.C. source. The double-pole double-throw 
switch is then used to communicate the charge on the condenser 
to coil L2 • This coil is magnetically coupled with L1 by an 
air core and thus an oscillating potential is discharged 
through the bridge system containing the cell (in the case of 
the Schiele and Wien apparatus an electrode type of cell). 
Potential drops are, tperefore, produced across resistances 
R3 and R4. Under conditions such that R3 = R4 and R1 = ~' 
these potentials will be of equal magnitude and will produce 
equal forces upon the remainder of the circuit and thus pro-
ducing a zero deflection of the galvanometer G. 
The barreter bridge proper is coupled to the cell bridge 
through resistors 02, 03, C4 and 05. The resistors Rs and Rg 
consist of miniature lamp bulbs. In order to prevent the 
oscillating current from flowing through paths other than the 
resistance units Rs and R9 , choke coils L3, L4 , L5 and L6 are 
inserted into the circuit. If, previous to the application of 
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the oscillating potential from the condenser point C of the 
barreter bridge is so adjusted that the galvanometer shows a 
zero deflection, then the application of unsymmetrical poten-
tials to Rg and Rg will produce changes in resistance of these 
arms, thus resulting in an out of balance condition in the 
barreter bridge which will be indicated by the galvanometer. 
According to the original arrangement of Schiele and Wien, it 
was unnecessary to exactly balance R1 to the equivalence of 
cell R2 since small galvanometer deflections are substantially 
proportional to R1• Non-inductive resistance R5 and E? con-
sist of end turns for controlling the sensitivity of the bridge 
by the usual means. 
The entire assembly, with the exception of the slide wire, 
must be immersed in an oil thermostat to insure equality of 
temperature in all parts of the system. 
A study of the above ~stem indicated that it was def-
initely applicable to the electrodeless system under consider-
ation when modified pursuant to the diagram shown as Fig. 19. 
A study of Fig. ~9 will show that the potentiometer P1 
was used to supply a potential equal to the normal unbalance 
potential occasioned by the impossibility of constructing 
exactly identical coils in the instrument. The phase shifter 
shown asP was inserted so that it would be possible to adjust 
the phase angle of the adjusting potential to equivalence with 
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the unbalance potential from the balance coils of the cell 
unit. 
In practice, the three-pole single-throw switch connect-
ing the barreter bridge with the remainder of the system is 
first opened. With this switch open, contact C of the barreter 
bridge is adjusted so that the galvanometer deflection is zero. 
The second step involves the closing of the switch, and with 
the cell empty and the balancing resistance coil open, adjust-
ment of the potentiometer P1and the phase shifter P to such 
a point that the galvanometer G again does not deflect. In 
practice, this operation proved to be rather tedious. It was 
necessary to start with a zero potential and attempt balance 
by adjusting the phase shifter. Failing thus, the potential 
applied from potentiometer P1 was increased slightly and the 
phase shifter again adjusted to see if it was possible to pro-
duce zero galvanometer deflection. This operation was repeated 
until the unbalance potential from the balance coils is exact-
ly equal to the potential from the potentiometer and also until 
the phase angle of the potential from the balancing coil is 
equal but opposite to that produced by potentiometer P1. With 
these conditions~evailing the system is ready for measure-
ment.;s. 
To conduct a measur~!ent, the cell is filled and allowed 
.. 
to come to temperature in the thermostat. The three-pole 
single-throw switch is then closed and the galvanometer deflec-
-109-
tion noted. The calibrated resistance RK is next varied and 
at each setting of it the phase shifter Pis adjusted to deter-
mine if a point of equivalence is possible. The operation of 
increasing or decreasing the resistance in the balancing leg 
of the cell unit is repeated as often as required to produce 
balance. Between each adjustment of the calibrated resistor 
it is necessary to adjust the phase shifter to determine if a 
point of balance is possible. 
While the above procedures will appear to be unduly time 
consuming, in practice it was fbund possible to complete a 
measurement in approximately 30 minutes on the average. 
CALIBRATION OF THE CELL 
At the time the cell was initially constructed, it was 
hoped that it would be possible to fill it w.ith mercury of 
high purity and thus arrive at a figure representative of its 
physical dimensions and thus the constant of the cell. In 
practice, it was found impossible to fill the cell with mercury 
without the inclusion of air bubbles. Many attempts were 
tried, but in no case was it possible to get concordant results 
between any two determinations. The fact that mercury does 
not wet glass is probably responsible for this difficulty. 
Finally, it was decided to use 0.1 N potassium chloride 
solution as the standardizing agent. By the application of the 
vacuum filling methods previously discussed, concordant results 
were immediately produced. 
Accordingly, all of the data reported in this section is 
based upon the acceptance of a 0.1 N KCl solution as a standard. 
Until means can be found for calibrating the cell with mercury 
or another acceptable type of metallic conductor, no improve-
ments in this connection can be expected. 
While it would appear advisable to compare measurements 
produced with this unit with those contained in the literature, 
it was felt that more information relative to the performance 
of the instrument would be had if each and every solution in-
vestigated was subjected to measurement both by the electrode-
less and by an electrode system of determination. Accordingly, 
this procedure was followed. Measurements on the solutions 
studied were taken by the usual electrode system using a 
wheatstone bridge. The electrode type of cell was operated 
from the same thermostat and from a position immediately ad-
jacent to the electrodeless cell to insure a minimum of temp-
erature differential between the two. It was felt that this 
procedure would eliminate minor variations in concentration 
as well as eliminate any discrepancies which might possibly 
be attributed to temperature variation. 
CONDUCTANCE DATA TAKEN WITH THE 
ELECTRODELESS CELL 
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The cell was calibrated by charging it with a 0.1 N solu-
tion of KCl. by the vacuum filling method. 
Repeat measurements gave the values shown in Table I with 
the electrodeless and electrode cell used. Black electrodes 
were used in the electrode type cell. 
TABLE I 
0.1 N KCl at 25° c. + 0.01° C. 
Specific Conductance Taken as 0.0128?6 ~llios. 
ELECTRODELESS CELL ELECTRODE TYPE CELL 
Resistance Conductance Resistance Conductance 
(Ohms} (Mhos) {Ohms) (:Mhos) 
7615.4 0.000131 42.71 0.02341 
7610.1 0.000131 42.99 0.02326 
7626.2 0.000131 42.82 0.02335 
?609.7 0.000132 42.81 0.02335 
Average 0.00013 Average 0.02334 
Cell Constant = 99.04 Cell Constant = 0.551 
Following the calibration of the cell with KCl, fourteen 
solutions of electrolytes were subjected to conductivity meas-
urements in both the electrode type and electrodeless cell. 
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The results of these tests are shown in Table II. Each of the 
values shown represent the average of five separate determina-
tions. In no case did the individual determinations deviate 
more than ± 0.5% from the average values shown in Table II. 
TABLE II 
Snecific Conductance (Mhos} at 25°0. 
Electrodeless With Electrodes -r; Devia-
tion 
1) H2S04 {Approx. 30%) 0.70440. 0.76571 -8.0% 
2) H2S04 (5%) 0.19513 0.20991 -7.5% 
3) H2S04 (20%) 0.29771 0.66481 -7.9% 
4) HN03 ( 6. 2/o) See Notes 0.32334 
5) HN03 (12.4%) See Notes 0.54559 
6) HN03 (43.4%) See Notes 0.69979 
7) KCl (0.01 N) o. 00142 0.00141 -+ o. 7% 
8) HaCl (Sat. at 25°0.) 0.24961 0.25088 -0.5% 
9) NH4Cl (5%) 0.9209 0.93477 -0.6% 
10) Nli4Cl (20%) 0.33415 0.33346 +o.2% 
11} cuso4 (107o} 0.03333 0.03319 +0.4% 
12) .A.gN03 (5%) 0.02602 0.02611 -0.3% 
13} AgN03 {10%) 0.04861 0.04892 -0.6% 
The values found in the case of the H2S04 solutions were 
consistently very low. 
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Attempts to get consistent values with hydrochloric and 
nitric acids failed in all cases. Titration ot these acid 
solutions before and after the electrodeless determinations 
showed consistent reductions in concentration after exposure 
ot the solution to the cell. The vacuum tilling technique is 
unquestionably responsible tor this difficulty. Since other 
cell filling methods were not found practical, values for nitric 
acid Will have to await improvements in both instrument and 
technique. 
In contrast with the abnormally low values found by this 
procedure, it is ot interest to review the Wien effect (5), 
(6), as observed under conditions of a high potential {several 
hundred thousand volts per centimeter) being applied to the 
conductivity cell. Under these conditions, an increase in the 
conductance of the system is observed. Wien's procedure in-
volved the discharge of a condenser through the cell, thus 
subjecting the electrolyte to a very high electrostatic pres-
sure. The author's system of measurement, on the other hand, 
subjects the electrolyte to a maximum potential of 0.0034 volts 
per centimeter. This potential is very much less than is gener-
ally applied by classical bridge methods. 
CONCLUSIONS 
I. With the salt solutions examined, the electrodeless 
method gives results consistent with electrode values. 
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Maximum deviation observed +0.7 to -0.6%. 
II. The small experience with strong acids does not justify 
a conclusion relative to the cause for consistent low 
values for H2S04. 
III. This work should be continued preferably by several in-
vestigators. An improved apparatus must be adopted to 
minimize operational difficulties and improve the poss-
ible accuracy of the deter-minations. A recommended 
procedure is described in Section IV. 
SECTION IV 
PROCEDURES AND METHODS RECOMMENDED FOR FUTURE 
INVESTIGATIONS 
The electrodeless method of determining the conductivity 
of electrolytes discussed in Section III has a number of serious 
disadvantages, and the technique required is extremely diffi-
cult. For these reasons, the author has been forced to the 
conclusion that a simpler system involving more possibilities 
for the control of the accuracy of measurements is essential to 
further progress. 
While the null system of Section III appeals to the logical 
mind as being precise, in practice extremely minute potentials 
caused by a lack of absolute balance in the system are at best 
troublesome.. Vacuum tube detecting systems which will respond 
to these low magnitudes of potential are critical to adjust, 
sensitive to changes in humidity, and must be shielded to an 
extent that is almost at the limit of practicality. While the 
barreter bridge as used is practical and workable, its use 
introduces difficulties which should be avoided if possible. 
Slight differences in the phase angle between the potential 
under investigation and the balancing potential are difficult 
to cope with. This is particularly true when it is necessary 
to balance the system with standardized resistance boxes which 
are adjustable only in relatively large steps. \vith a con-
Mll5• 
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tinuously variable standard of resistance, this difficulty would 
be somewhat lessened, but not eliminated. 
The author's experience with the system of Section III 
extending over a period of one year, led him to impose the fol-
lowing requisites for a practical procedure. 
1. The measuring system must be capable of integrating 
some quantity which is ~elated to the conductivity of the elec-
trolyte under investigation. 
2. The instrument must be capable of producing accurate 
results even though the potential applied to the system varies 
somewhat during the test period. 
3. The instrument should, if possible, be so designed 
that the accuracy of the determination can be made a function 
of test time. 
4. The instrument must be free from parts in which a high 
electrical current density prevails and hence free from apprec-
iable temperature rise. This is essential for accurate tempera-
ture control under prolonged te~t periods. 
5. While the possible effects of powerful low frequency 
magnetic fields on conductivity are not known, as they relate 
to these determinations, such field strengths as must prevail 
should be subject to control through wide limits, without im-
pairing the accuracy of measurement. This feature is essential 
to a better understanding of the entire subject. 
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6. The frequency of the power supply should be readily 
adjustable within rather wide limits without impairing the 
accuracy of the system. 
7. The cell must be of relatively large dimensions and 
accessib~e fo~ filling, cleaning and replacement. 
Accordingly, the system shown in Fig. 1 is recommended. 
A represents a transformer which furnishes filament and plate 
potential to a half-wave rectifying system. It is the opinion 
of the author, based on experiences with rectifying systems, 
that a high vacuum type tube rectifier would be most satisfac-
tory. In those cases where a high current density in the meas-
uring unit would not be objectionable, a tungar type of half-
wave rectifier could be used in place of the high vacuum system 
preferred for more precise work. '!'he output from the rectifying 
system is fed to the transformer system containing the cell. 
The input to the primary coil of the transformer is metered 
with a coulometer, as shown in Fig. 1. 
The greatest advantage to such a system as the one recom-
mended lies in the fact that it is possible to take advantage 
of the accuracy of a coulometer to determine quantitatively the 
electrical input to the syste~. ~he half-wave rectified direct 
current will excite the transformer, thus giving all of the ad-
vantages of an A.C. system from the standpoint of electrodeless 
measurements. The cell construction recommended would be sub-
stantially the equivalent of the one shown as .lf'ig. 1 in Section 
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III. Fig. 7 of Section III, which illustrates the type of unit 
originally constructed for use in preliminary tests, might well 
be considered as satisfactory for this type of circuit arrange-
ment, provided, however, that the winding was designed so as 
to be satisfactory for operation on the particular half-wave D.C. 
potential selected for excitation. Careful consideration of the 
performance of such a conductivity measuring apparatus will show 
that it possesses all of the requisites imposed at the beginning 
of this section. To be specific, it offers the following ad-
vantages: 
1. Since a fundamental ~antity, i.e. coulombs input to 
the system, are measured, the system is independent of supply 
voltage fluctuations. 
2. Since it is possible to house the entire cell assembly 
in a thermostat, the coulombs of electrical energy transformed 
per unit of time without an electrolyte in the cell would be a 
constant. Accordingly, the coulombs per unit of time trans-
formed with~ charge in the cell would be a function of the con-
ductance of the electrolyte contained in the cell. 
3. In the case of dilute electrolytes where it is necessary 
that minute differences in conductivity be detected, the system 
could be allowed to operate over as long a period of time as is 
desirable in order to produce a change sufficiently great to be 
measureable. This factor produces a refinement in measuring 
accuracy which is much to be desired. 
-
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4. The core and coil system can be so designed that only 
an extremely minute exciting current is necessary. This will 
result in a small temperature rise within the system during 
operation. 
5. The magnetic density may be varied through wide limits 
without incapacitating the instrument. At low magnetic densi-
ties, the time factor for each test could be easily increased 
to compensate for the reduced rate of electromagnetic induction. 
6. The equipment may be used with a wide range of fre-
quencies, thus making it possible to study this effect. Using 
an iron core assembly, the limitation would be established by 
the characteristics of the iron used. For studies at higher 
frequencies it would be necessary to resort to air core type 
of construction. The inherent design of the equipment renders 
this both possible and practical. In the case of high fre-
quency operation, the power supply would consist of a sign wave 
oscillator to produce the required frequency and a half-wave 
rectifier. 
7. A wide choice of cell type is possible since the 
system imposes negligible restriction upon the physical form 
of the apparatus. 
RELA.TIONSHIP BETViEEN CELL CO NDUCT.ANCE AND COULOIIffiS 
OF ENERGY TRANSFORMED IN TEE CELL 
In order to estimate the nature of the function which 
would determine the relationship between cell resistance and 
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coulombs transformed in the cell, the following simplifying 
assumptions were made. A critical examination of the circuit 
relationships involved will show that these are justified for 
estimating purposes. 
1. Power factor assumed to be unity. 
2. With thermostatic control prevailing, the effects 
produced due to the temperature coefficient of the exciting 
coil may be neglected. 
3. Since extremely low current densi ti.es should be used, 
it is permissible to neglect changes in I 2R losses in the 
exciting coil caused by change in the cell load. 
4. In the following list of symbols adopted for the 
mathematical discussion of this system, other values obviously 
constant or assumed to be constant for purposes of simplifi-
cation have been so identified. 
SYMBOLS USED 
Pla = Power input without cell charged = ~ 
plb - Power input with cell charged 
P2 = Power taken by cell 
El = Voltage applied to transformer = Kl 
E2 - Voltage induced in cell - ~ -
Rl - Resistance of line coil = K3 -
R2 = Resistance of cell 
Cla - Coulombs input without cell charged -
clb = Coulombs input with cell charged 
Ila - Current in line coil cell not charged -
Ilb - Current in line coil cell charged 
I2 - Current in cell -
t - Time per test, in seconds, assumed constant for all 
-
tests = K4 
Since power considerations are fundamental to this type 
of circuit, we will express power transformed by the line coil 
and the cell as follows: 
Pla -
2 (Cla)2 Rl -- 11a Rl = -t I 
plb - I~b Rl = (clb)2 Rl - t II 
• ~2 R~ [0~8 • • p2 = clb t2 t2 III 
Inasmuch as the power transformed by the content of the 
cell may be expressed as a function of Ohms Law, we may write: 
IV 
Writing the cell current in terms of coulombs and time, 
we have 
v 
Combining equations IV and V, we get: 
p 2 : ( c, b - c, a ) t 
Equating equations III and VI, we get 
[c~b R l _ [0~a R l : (Clb - Cla) 2 t2 ~ t2 ~ t2 
SolVing for cell resistance, we get 
R2 = Rlr.cl b + cl~ L0lb -c1~ 
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VI 
VII 
VIII 
An inspection of the above equation is sufficient to 
show that this type of instrument is definitely practical. 
In view of the above relationships, it would appear desir-
able to construct a cell having substantially the following 
physical dimensions: 
Rl = 5000 ohms 
E1a - E1b = 200 volts 
I1a - 0.1 ampere 
Test Time = 10 minutes, minimum 
Therefore: c1a = (10 • 60) 0.1 = 60 coulombs 
While the apparatus specifically designed for use as above 
discussed has not been assembled, a preliminary test was con-
ducted on an available transformer using wire wound resistors 
in place of the cell to verify the practicality of this recom-
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mended procedure. The results obtained were favorable, and 
accordingly, this system is recommended for further studies in 
these connections. 
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